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Abstract 
Because of its economic benefits, the combined partial nitritation-anaerobic ammonium oxidation 
(PN-Anammox) process is increasingly adopted/recommended for efficient nitrogen removal, 
despite its application limitations such as the concomitant nitrate production. The discovery of 
denitrifying anaerobic methane oxidation (DAMO) processes offers a potential solution to 
overcome the limitations of the PN-Anammox process and enables complete/high-level nitrogen 
removal through coupling PN-Anammox-DAMO, which could be favourably supported in 
membrane biofilm reactor (MBfR) systems.  
 
However, this novel integrated process involves complex microbial interactions between functional 
microorganisms including ammonium-oxidizing bacteria (AOB), nitrite-oxidizing bacteria (NOB), 
Anammox bacteria, DAMO archaea, and DAMO bacteria, which determine the treatment 
performance. Although mathematical modeling is widely applied to generate multifaceted analysis 
of emerging technologies, limited work has been dedicated to investigating the integrated PN-
Anammox-DAMO process. Hence, this thesis aims to develop mathematical models to 
understand/evaluate the novel MBfR-based complete/high-level nitrogen removal technology with 
focus on the system performance and microbial interactions under different conditions of operations 
and reactor configurations. 
 
To this end, a mathematical model was firstly developed to describe the coupled Anammox-DAMO 
process in a lab-scale MBfR. The MBfR with an Anammox-DAMO dominated biofilm was fed 
with methane through gas-permeable membranes, while nitrate and ammonium fed in the bulk 
liquid outside the biofilm. The key stoichiometric and kinetic parameters of DAMO 
microorganisms were calibrated using the long-term dynamic experimental data, and the model was 
successfully validated using two independent batch tests at different operational stages of the 
MBfR. The developed model was then extended with nitrite inhibition terms and further verified by 
another sets of batch experimental data obtained from the MBfR with different practically applied 
feeding compositions (i.e., ammonium and nitrite/nitrate). The verified model was applied to assess 
the feasibility of achieving complete nitrogen removal by a partial nitritation reactor followed by an 
MBfR performing Anammox and DAMO. The optimum NO2
-/NH4
+ ratio produced from the 
preceding partial nitritation for the Anammox-DAMO MBfR was found to be 1.0 in order to 
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achieve the maximum total nitrogen (TN) removal of over 99.0%, irrespective of the TN surface 
loading applied, while the corresponding optimal methane supply increased with the increasing TN 
surface loading, accompanied by the decreasing methane utilization efficiency. Through coupling 
the verified model with the well-established stoichiometry and kinetics of AOB and NOB, the 
feasibility of integrating PN-Anammox-DAMO into a one-stage MBfR for high-level nitrogen 
removal was tested through controlling the bulk liquid dissolved oxygen (DO) concentration in the 
system. The maximum TN removal was found to be achieved at a low bulk DO concentration 
(depending on process parameters), with AOB, Anammox bacteria, and DAMO microorganisms 
coexisting in the biofilm. 
 
The coupling PN-Anammox-DAMO process could potentially treat anaerobic digestion liquor 
through utilizing the dissolved methane remaining, avoiding the dissolved methane stripping and 
thus reducing the carbon footprint of wastewater treatment. A single-stage MBfR was therefore 
proposed for simultaneous ammonium and dissolved methane removal from side-stream anaerobic 
digestion liquor through integrating PN-Anammox-DAMO. In such an MBfR, ammonium and 
dissolved methane are provided in the bulk liquid, while oxygen via gas-permeable membranes. 
The previously verified model was applied to assess the MBfR system under different operational 
conditions. The simulation results demonstrated that both influent and oxygen surface loadings 
significantly influenced the TN and dissolved methane removal. The maximum simultaneous 
removal efficiencies of TN and dissolved methane could reach up to 96% and 98%, respectively, by 
adjusting the influent and oxygen surface loadings whilst maintaining a sufficient and suitable 
biofilm thickness (e.g., 750 μm). The counter-diffusional supply via the biofilm and the 
concentration gradients of substrates caused microbial stratification in the biofilm, where AOB 
attached close to the membrane surface where oxygen and ammonium were available, while 
Anammox and DAMO microorganisms jointly grew in the biofilm layer close to the bulk liquid 
where methane, ammonium, and nitrite were available with the latter produced by AOB. 
 
In addition to ammonium and dissolved methane, anaerobic digestion liquor might also contain 
sulfide which needs to be managed properly. A mathematical model was therefore developed 
through incorporating sulfide related metabolisms into the previously verified model and applied to 
evaluate the system performance and the associated microbial community structure of the single-
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stage MBfRs, which integrate desired microbial consortia to treat main-stream and side-stream 
anaerobic digestion liquors containing ammonium, dissolved methane, and sulfide simultaneously. 
The simulation results showed that the dissolved methane and sulfide remaining could be utilized as 
electron donors by DAMO bacteria and sulfide oxidizing bacteria (SOB), respectively, to further 
enhance the overall nitrogen removal. The high-level (>97.0%) simultaneous removal of 
ammonium, dissolved methane, and sulfide could be achieved by adjusting the influent and oxygen 
surface loadings. AOB, DAMO bacteria, aerobic methane-oxidizing bacteria (MOB), and SOB 
dominated the biofilm of the main-stream MBfR, while AOB, Anammox bacteria, DAMO bacteria, 
and SOB coexisted in the side-stream MBfR and cooperated to remove ammonium, dissolved 
methane, and sulfide simultaneously. 
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0.41 g N m-2 d-1) in Figure 5.4.A was applied. 
Figure 5.7. Model simulation results of the single-stage MBfR coupling PN-Anammox-DAMO 
(depth zero represents the membrane surface at the base of the biofilm): (A) Microbial population 
distribution; (B) substrate profiles; and (C) species-specific nitrogen turnover rates. The applied 
influent TN concentration, bulk liquid DO concentration, TN surface loading (LTN), methane 
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surface loading (LCH4), and biofilm thickness (Lf) were 300 g N m
-3, 0.17 g m-3, 0.41 g N m-2 d-1, 
0.009 g m-2 d-1, and 1000 µm, respectively. 
Figure 6.1. Concept of the MBfR integrating PN-Anammox-DAMO process for simultaneous 
ammonium and dissolved methane removal with the potential microbial interactions and 
biochemical reactions between AOB, Anammox bacteria, DAMO archaea, and DAMO bacteria in 
the biofilm. 
Figure 6.2. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenario 0 
in Table 6.1 (depth zero represents the membrane surface at the base of the biofilm): (A) Microbial 
population distribution; (B) substrate profiles; and (C) species-specific nitrogen turnover rates. The 
applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and biofilm thickness (𝐿𝑓) are 
0.00068 m d-1, 1.74 g m-2 d-1, and 750 µm, respectively. 
Figure 6.3. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenarios 
1-3 in Table 6.1: (A) Effect of influent surface loading (𝐿𝐼𝑁); (B) Effect of oxygen surface loading 
(𝐿𝑂2); and (C) Effect of biofilm thickness (𝐿𝑓) on removal efficiencies of TN and dissolved 
methane and microbial community structure of the biofilm. 
Figure 6.4. The combined effect of biofilm thickness (𝐿𝑓) and influent surface loading (𝐿𝐼𝑁) as well 
as oxygen surface loading (𝐿𝑂2) on the TN removal efficiency (A and C) and on the dissolved 
methane removal efficiency (B and D) in the MBfR. The applied 𝐿𝐼𝑁, 𝐿𝑂2, and 𝐿𝑓 are 0.0005 – 
0.001 m d-1, 1.74 g m-2 d-1, and 450 – 900 µm, respectively, for A and B, while 0.00068 m d-1, 1 – 2 
g m-2 d-1, and 450 – 900 µm, respectively, for C and D. 
Figure 6.5. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenario 4 
in Table 6.1: the combined effect of HRT and oxygen surface loading (𝐿𝑂2) on the TN removal 
efficiency in (A) 3D and (B) 2D and on the dissolved methane removal efficiency in (C) 3D and 
(D) 2D. The colour scale represents removal efficiency in %. The optimal region for high-rate 
simultaneous TN and methane removal is highlighted using dot line. 
Figure 6.6. Model simulation results of the PN-Anammox-DAMO biofilm system in consideration 
of the potential existence of heterotrophic bacteria (HB): (A) Microbial population distribution; (B) 
TN and dissolved methane removal efficiencies with/without considering HB. The additionally 
applied influent organic carbon concentration is 100 g COD m-3 on the premise of Scenario 0 in 
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Table 6.1. The related stoichiometric and kinetic parameters of HB are directly taken from Lackner 
et al. (2008) and Mozumder et al. (2014). 
Figure 6.7. Model simulation results of the PN-Anammox-DAMO biofilm system in consideration 
of the potential existence of aerobic methane-oxidizing bacteria (MOB) from Scenario 0 in Table 
6.1: (A) Microbial population distribution; (B) TN and dissolved methane removal efficiencies 
with/without considering MOB. The related stoichiometric and kinetic parameters of MOB are 
directly taken from Daelman et al. (2014). 
Figure 6.8. Model simulation results of the PN-Anammox-DAMO biofilm system at a low influent 
dissolved methane concentration of 30 g COD m-3: (A) Microbial population distribution; (B) TN 
and dissolved methane removal efficiencies at the influent dissolved methane concentration of 30 g 
COD m-3 compared to those at 100 g COD m-3. The applied influent surface loading (𝐿𝐼𝑁), oxygen 
surface loading (𝐿𝑂2), and biofilm thickness (𝐿𝑓) are 0.00068 m d
-1, 1.74 g m-2 d-1, and 750 µm, 
respectively. 
Figure 7.1 Modeling results of the MBfR for the simultaneous removal of ammonium, dissolved 
methane, and sulfide from main-stream (A, B, and C) and side-stream (D, E, and F) anaerobic 
digestion liquors based on Scenario 0 in Table 7.4 (depth zero represents the membrane surface at 
the base of the biofilm): (A and D) Microbial population distribution; (B and E) distribution profiles 
of nitrogen species, methane, and dissolved oxygen; and (C and F) distribution profiles of sulfur 
species. 
Figure 7.2. Sensitivity function for TN, dissolved methane, and sulfide removal efficiencies in the 
main-stream MBfR. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) are 0.0027 m d
-1, 0.52 g m-2 d-1, and 300 µm, respectively. 
Figure 7.3. Sensitivity function for TN, dissolved methane, and sulfide removal efficiencies in the 
side-stream MBfR. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) are 0.001 m d
-1, 3.65 g m-2 d-1, and 750 µm, respectively. 
Figure 7.4. Modeling results of the effects of influent surface loading (𝐿𝐼𝑁) on the main-stream (A) 
and side-stream (B) MBfRs based on Scenario 1 in Table 7.4. 
Figure 7.5. Modeling results of the effects of oxygen surface loading (𝐿𝑂2) on the main-stream (A) 
and side-stream (B) MBfRs based on Scenario 2 in Table 7.4. 
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Figure 7.6. Modeling results of the performance of main-stream (A, B, and C) and side-stream (D, 
E, and F) MBfRs under different HRT and oxygen surface loading (𝐿𝑂2) conditions based on 
Scenario 3 in Table 7.4 in terms of TN removal (A and D), dissolved methane removal (B and E), 
and sulfide removal (C and F). The colour scales represent removal efficiency in %. 
Figure 7.7.  Species-specific dissolved methane and sulfide consumption rates within the biofilms 
of the main-stream MBfR (A and B) and the side-stream MBfR (C and D) under the optimal 
operational conditions. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), 
and biofilm thickness (𝐿𝑓) for main-stream MBfR (A and B) are 0.0027 m d
-1, 0.56 g m-2 d-1, and 
300 μm, respectively. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) for side-stream MBfR (C and D) are 0.001 m d
-1, 3.65 g m-2 d-1, and 750 μm, 
respectively. 
Figure 7.8. Modeling results of the MBfR for the simultaneous removal of ammonium, dissolved 
methane, and sulfide from main-stream (A and B) and side-stream (C and D) anaerobic digestion 
liquor in consideration of the potential existence of HB due to an influent organic carbon 
concentration of 30 g COD m-3 and 100 g COD m-3, respectively: (A and C) Microbial population 
distribution; and (B and D) TN, dissolved methane, and sulfide removal efficiencies with/without 
considering HB. The applied conditions are based on Scenario 0 in Table 7.4. 
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Chapter 1 – Introduction 
1.1 Background 
Nitrogen compounds are among the most important pollutants in wastewater because of their role in 
eutrophication, their effect on the oxygen content of receiving waters, and their toxicity to aquatic 
invertebrate and vertebrate species, including human beings. Wastewater originated from many 
sources such as tannery, food processing, fertilizer manufacturing, slaughter house, and landfill 
leachate contains a great amount of nitrogen, which should be treated before being discharged into 
the surface water body. The biological nitrogen removal (BNR) process is a cheap and the most 
widely practiced approach for nitrogen control in wastewater treatment. For many years, the 
traditional biological method for nitrogen removal from wastewater has been the combination of 
nitrification and denitrification processes. Frequently, space limitations or economical constrains do 
not allow the capacity of the existing treatment plants, especially for wastewater with a high 
ammonium load, to be expanded. 
 
The combined partial nitritation-anaerobic ammonium oxidation (PN-Anammox) process has been 
regarded as one of the most efficient methods to treat anaerobic digestion liquor which contains a 
high concentration of ammonium (500-1500 mg N L-1) (Wang et al. 2014) with a low chemical 
oxygen demand to nitrogen (COD/N) ratio. One part of ammonium in the stream is firstly oxidized 
to nitrite by ammonia-oxidizing bacteria (AOB) under aerobic condition. Then the other part of 
ammonium and the produced nitrite are autotrophically converted to nitrogen gas by Anammox 
bacteria under anoxic condition. The Anammox process is an energy-efficient and economical 
nitrogen removal technology, as it requires no organic carbon, produces low sludge, and consumes 
only 40% of the aeration energy required for the conventional nitrogen removal process (Jetten et 
al. 2001, Sliekers et al. 2002). However, this process does not remove nitrate present in the 
wastewater, and in fact converts part (20%) of the nitrite to nitrate. Thus, high-level/complete 
nitrogen removal may not be achieved although the produced nitrate load would be relatively small 
compared to the overall nitrogen load to the plant. Heterotrophic denitrification could potentially 
reduce the nitrate, yet external carbon source would be required and the plant footprint would 
increase. In addition, stable and effective partial nitritation is difficult to maintain (Guo et al. 2009) 
while the Anammox process requires a specific molar nitrite/ammonium ratio of 1.32 (Khin and 
Annachhatre 2004).  
 
The discovery of denitrifying anaerobic methane oxidation (DAMO) microorganisms provides a 
potential solution to the problems associated with the PN-Anammox process. DAMO archaea can 
reduce nitrate to nitrite using electrons derived from methane oxidation (Haroon et al. 2013) and 
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DAMO bacteria can then convert nitrite to nitrogen gas also with methane as the electron donor 
(Ettwig et al. 2010). Methane is an inexpensive, widely available carbon source as compared to 
other electron donors such as methanol and ethanol. It could be generated onsite at wastewater 
treatment plants (WWTPs) through anaerobic sludge digestion (Modin et al. 2007). The 
combination of partial nitritation, Anammox, and DAMO (PN-Anammox-DAMO) processes is 
therefore proposed for complete/high-level nitrogen removal in this thesis. The partial nitritation 
would produce a mixture of ammonium and nitrite as the feed for the Anammox process. A small 
fraction of methane produced through anaerobic digestion at the treatment plant or the dissolved 
methane remaining in anaerobic digestion liquor could be utilized to support the growth of DAMO 
microorganisms. In such systems, DAMO archaea would consume the nitrate either externally fed 
or produced by Anammox, which presents a significant advantage over the previous PN-Anammox 
process.  
 
The coupled PN-Anammox-DAMO process could be achieved in either single-stage systems or 
two-stage systems which include a preceding partial nitritation reactor followed by another reactor 
performing Anammox and DAMO processes. Considering the slow growth kinetics of both 
Anammox (Jetten et al. 1997) and DAMO (Kampman et al. 2012) microorganisms, the membrane 
biofilm reactor (MBfR) is particularly suitable for supporting and sustaining Anammox and DAMO 
biomass. In such an MBfR, gas substrate (oxygen or methane, depending on the treatment 
objective) is supplied through gas-permeable membranes which also serve as biofilm support, while 
wastewater containing nitrogen compounds is provided in the bulk liquid outside the biofilm. The 
counter-diffusional design of gas and liquid substrates not only provides an efficient gas transfer 
and a more flexible system control strategy, but also avoids the potential stripping of dissolved 
methane remaining in some anaerobic digestion liquor.  
 
Due to the currently limited availability of DAMO biomass and the slow growth of both Anammox 
and DAMO microorganisms, experimental work aiming at process understanding and optimization 
of the MBfR systems is subject to a lot of uncertainties and is expected to be very time-consuming 
and effort-demanding. Moreover, the novel integrated nitrogen removal process involves rather 
complex microbial interactions between functional microorganisms including AOB, nitrite-
oxidizing bacteria (NOB), Anammox bacteria, DAMO archaea, and DAMO bacteria, as well as 
other concomitant processes (such as microbial reactions induced by sulfide present in some 
anaerobic digestion liquor) which jointly determine the system performance and microbial 
community structure. Mathematical models are widely used to study nitrogen removal during 
wastewater treatment (Henze et al. 2000) and have been applied to assess emerging technologies as 
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demonstrated previously (Ni et al. 2013, Ni and Yuan 2013, Terada et al. 2007, Winkler et al. 
2015). They provide not only a powerful tool for obtaining an in-depth understanding of the rather 
complex processes but also a strong support for the design, operation, and optimization of novel 
biological treatment systems. Prior to this thesis, no systematic modeling work has been conducted 
to comprehensively evaluate the MBfR systems taking on the proposed PN-Anammox-DAMO 
process for high-level/complete nitrogen removal, which represents an important step towards a 
better understanding of the microbial interactions and the development of this integrated process 
into a practical technology. 
 
1.2 Thesis objective 
The aim of this thesis is to develop mathematical models and apply the validated models to 
understand and evaluate the novel MBfR-based complete/high-level nitrogen removal process in 
terms of the microbial interactions involved under different conditions of operations and reactor 
configurations, as well as the roles of dissolved methane and sulfide remaining in regulating the 
system performance and microbial community structure. 
 
1.3 Thesis organization 
This thesis is organized into 8 chapters. Chapter 1 introduces the background, general research 
objective, and organization of this thesis. Chapter 2 presents a comprehensive literature review 
related to this thesis. Chapter 3 gives the research overview of this thesis, while Chapters 4 – 7 
detail the knowledge gaps, methodologies, and research outcomes addressing each research 
objective. Chapter 8 summarizes the significant conclusions achieved in this thesis as well as the 
recommendations for future research. 
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Chapter 2 – Literature Review 
The review below summarizes the research findings in literature relevant to the research topic of 
this thesis. The first section is an overview of global nitrogen cycle and conventional nitrogen 
removal processes. New nitrogen removal processes including shortcut nitrification-denitrification, 
PN-Anammox, and DAMO processes are reviewed in detail in the second section. The third section 
presents key operational factors affecting the nitrogen removal processes. In the last section, the 
current modeling approaches to describing and assessing different nitrogen removal processes are 
discussed for the subsequent modeling study.   
 
2.1 Overview of nitrogen removal processes 
2.1.1 Nitrogen cycle 
As one of the major biogeochemical cycles, the global nitrogen cycle regulates the nitrogen 
movement between the geosphere, atmosphere, and biosphere in different forms. A series of 
bioprocesses are involved in the global nitrogen cycle, including nitrogen fixation, assimilation, 
nitritation, nitratation, denitrification, dissimilatory nitrate reduction to ammonium (DNRA), 
Anammox, DAMO, and ammonification as a necessary result of the biological food chain (Jetten et 
al. 2009). These processes are specifically governed by groups of physiologically distinct 
microorganisms (Figure 2.1). During nitrogen fixation, gaseous dinitrogen is converted to NH3 
which is then assimilated by nitrogen-fixing bacteria. Chemolithotrophic nitrification primarily 
includes nitritation to produce NO2
- from NH4
+
 (Eq. 1) with hydroxylamine as the intermediate 
which is carried out by AOB in a process catalyzed by ammonia monooxygenase (amo) and 
hydroxylamine oxidoreductase (hao), and nitratation to produce NO3
- from NO2
- (Eq. 2) by NOB 
which is mediated directly by nitrite oxidoreductase (nor). Recently, heterotrophic AOB and 
ammonia-oxidizing archaea (AOA) have been identified as new players in the ammonia conversion 
(Guo et al. 2013). Denitrification is carried out by heterotrophic bacteria through using organic 
carbon sources as electron acceptors to generate energy under anoxic conditions and consists of 
sequentially converting NO3
- to NO2
-, NO, N2O, and finally to N2 (Eqs. 3 and 4), catalyzed by 
different reductases. DNRA produces NH4
+ from NO3
- for assimilation or provides substrates for 
the growth of anaerobic organisms under anoxic or oxygen-limiting conditions (An and Gardner 
2002, Roberts et al. 2014). Anammox bacteria can anaerobically convert NH4
+ and NO2
- to N2 with 
the concomitant production of NO3
- (Eq. 5). DAMO processes are driven by an archaeal group 
distantly related to anaerobic methanotrophic archaea (ANME) and a bacterial group affiliated to 
the candidate division NC10 (Ettwig et al. 2010, Haroon et al. 2013, Raghoebarsing et al. 2006) 
which are able to oxidize methane using nitrate and nitrite, respectively, as the electron acceptor 
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(Eqs. 6 and 7). Ammonification is involved in the decay process where organic nitrogen is 
hydrolyzed and converted to NH3 or NH4
+ by heterotrophic bacteria.  
 
Figure 2.1. Nitrogen transformation pathways mediated by various microorganisms (Guo et al. 
2013).  
 
Nitritation:  
    NH4
+ + 2HCO3
- + 1.5O2 → NO2- + 2CO2 + 3H2O                                                                        (1) 
Nitratation: 
    NO2
- + 0.5O2 → NO3-                                                                                                                    (2) 
Heterotrophic denitrification (over nitrate): 
    NO3
- + 1.08CH3OH + 0.24H2CO3 → 0.056C5H7O2N + 0.47N2 + HCO3- + 1.68H2O                  (3) 
Heterotrophic denitrification (over nitrite): 
    NO2
- + 0.53CH3OH + 0.67H2CO3 → 0.04C5H7O2N + 0.48N2 + HCO3- + 1.23H2O                    (4)  
Anammox (Khin and Annachhatre 2004): 
    NO2
- + 1/1.32NH4
+ → 1.02/1.32N2 + 0.26/1.32NO3-                                                                    (5)  
Nitrate reduction to nitrite by DAMO archaea (Haroon et al. 2013): 
    NO3
- + 2/8CH4 → NO2- +2/8CO2 + 4/8H2O                                                                                 (6)   
Nitrite reduction to N2 by DAMO bacteria (Raghoebarsing et al. 2006): 
    NO2
- + 3/8CH4 + H
+ → 1/2N2 + 3/8CO2 + 10/8H2O                                                                    (7)  
 
2.1.2 Conventional nitrogen removal processes 
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Due to diverse human contributions, the global nitrogen cycle is to a great extent altered and 
interrupted. Excessive nitrogen from anthropogenic activities, such as fossil-fuel combustion and 
fertilizer utilization, keeps entering ecosystems, with the largest proportion ending up entering 
water streams. The imbalance between human-induced nitrogen input and water self-purification 
capacity has brought about significant environmental issues, such as eutrophication (Seitzinger 
2008). To deal with this, more and more municipal WWTPs have been built or upgraded to remove 
nitrogen from water bodies and produce effluents with a lower environmental impact meeting 
discharge limits through implementing engineering technologies based on the above bioprocesses. 
  
The most widely applied nitrogen removal method in WWTPs is nitrification-denitrification, where 
aerobic autotrophic nitrification of NH4
+ to NO2
- and NO3
- is followed by anoxic heterotrophic 
denitrification of the oxidized N species to N2. To perform nitrification-denitrification, the classic 
bioreactor configuration applied consists of an anoxic tank followed by an aerobic tank (i.e., 
anoxic/oxic (A/O) process) and a secondary clarifier (Figure 2.2.A), called the Modified Ludzack-
Ettinger (MLE) configuration. Two recirculation flows are used in the MLE configuration: (1) 
internal recirculation from the aerobic tank to the anoxic tank to supply electron acceptors (NO2
- 
and NO3
-) for denitrification and (2) external recirculation from the secondary clarifier to the 
biological process inflow to maintain a proper sludge concentration and a target biomass retention 
time. Emerging treatment technologies such as the anaerobic/anoxic/oxic (A2/O) process and the 
University of Cape Town (UCT) process have been proposed and implemented to carry out the 
conventional nitrification-denitrification process based on modifying the traditional A/O process. 
Other commonly used nitrification-denitrification based wastewater treatment technologies include 
the oxidation ditch (Figure 2.2.B) which is usually equipped with aerators to provide aeration and 
circulation and achieve simultaneous nitrification-denitrification in the same bioreactor through 
spatial dissolved oxygen (DO) gradient, and the sequencing batch reactor (SBR) (Figure 2.2.C) 
which creates aerobic and anoxic conditions in the same bioreactor through temporal separation. To 
design and operate the bioreactors, sludge retention time (SRT) and aeration are two parameters of 
key importance. Compared with heterotrophic bacteria, autotrophic nitrifying bacteria (i.e., AOB 
and NOB) grow slowly, thus a proper SRT should be considered to maintain those microorganisms 
in the systems to ensure high nitrification efficiencies and hence better total nitrogen (TN) removal. 
Aeration is the main treatment cost in WWTPs performing the conventional nitrification-
denitrification process and must be controlled to provide enough oxygen supply for nitrification 
whilst avoiding unnecessary energy consumption. 
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Figure 2.2. Schematic diagrams of (A) Modified Ludzack-Ettinger configuration; (B) oxidation 
ditch configuration; and (C) SBR configuration. 
 
The ultimate nitrogen removal takes place in the tank for heterotrophic denitrification and the 
denitrification potential of wastewater is mainly determined by the availability of biodegradable 
organic carbon, which is commonly expressed as the C/N ratio, namely biodegradable COD to 
nitrogen (i.e., COD/N) ratio or biological oxygen demand (BOD) to nitrogen (i.e., BOD/N) ratio. 
However, the available C/N ratio is often lower than the values for a proper N removal by using the 
nitrification-denitrification process (Henze et al. 1994), and hence N removal is likely to be limited 
by the lack of organic carbon source available for denitrification. To deal with this situation, two 
alternatives are commonly applied: (1) addition of external carbon source in concordance with the 
nitrogen content in wastewater and (2) modification of the treatment process by changing the 
reactor configuration to support nitrogen removal with a lower organic carbon demand. The 
reduction of the treatment costs represents one of the main concerns in wastewater treatment. 
Therefore, most effect has been dedicated to developing alternatives on the basis of the sequential 
nitrification-denitrification process to optimize the biological treatment efficiency by reducing the 
power requirements for aeration and removing/lowering the need for external carbon supply.  
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2.1.3 Simultaneous nitrification-denitrification 
The simultaneous nitrification-denitrification (SND) can take place in one single aerobic reactor 
(Zhao et al. 1999), which is attributed to the presence of heterotrophic denitrifying activity in the 
anoxic zones of nitrifying sludge flocs (Figure 2.3). The potential of simultaneous aerobic and 
anoxic processes is realized by the DO gradients (Sun et al. 2010), and the performance of the SND 
process is mainly affected by DO concentration, COD concentration, and floc size (Pochana and 
Keller 1999). An optimal C/N ratio to balance the nitrification and the denitrification reactions was 
reported at 11:1 (Chiu et al. 2007), while the optimal bulk DO concentration was documented at 
0.5-1.5 mg L-1 (Bernat and Wojnowska-Baryla 2007) with an optimum floc size of 80-100 μm. The 
SND process can also occur in granular and biofilm systems, such as aerobic granular sludge 
systems (de Kreuk et al. 2005, Sun et al. 2010), biological aerated filters, single packed bed batch 
reactors (Sun et al. 2010), membrane bioreactors (MBRs), and membrane-aerated bioreactors 
(MABRs). 
 
Figure 2.3. Schematic diagram of simultaneous nitrification-denitrification in an activated sludge 
floc (Sun et al. 2010).  
 
Compared to the conventional nitrification-denitrification process, the SND process offers the 
following advantages: (1) it consumes 22-40% less carbon source and reduces 30% sludge yield 
(Sun et al. 2010), (2) it reduces the footprint as well as the aeration costs because of the low DO 
level set-point applied and the reduced aeration intensity, and (3) it exerts less alkalinity demand for 
nitrification due to the compensation of alkalinity production from denitrification.  
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2.2 Recent advances in nitrogen removal processes 
2.2.1 Shortcut nitrification-denitrification 
In the conventional nitrification-denitrification process, NH4
+ is oxidized to NO2
- and then to NO3
- 
(Eqs. 1 and 2), which is again reduced to NO2
- before N2 formation (Eq. 3). Therefore, NO2
- is an 
intermediate while the production of NO3
- is not required to complete the whole N removal process. 
Different from the complete nitrification-denitrification, the shortcut nitrification-denitrification 
process aims to keep NO3
- out of the treatment system and promote the conversion of NH4
+ to NO2
- 
(nitritation) for subsequent denitrification (Eq. 4) (Ahn 2006). This shortcut process is cost-
effective for the treatment of wastewater with a low C/N ratio due to 25% less aeration, 40% less 
biodegradable COD consumption, and 40% less sludge production. In addition, denitrification rates 
for NO2
- are known to be 1.5-2 times faster than for NO3
- (Aslan and Dahab 2008, Kornaros et al. 
2008), which allows higher N removal capacities of this shortcut process.  
 
The operation sequence of the shortcut nitrification-denitrification process can be achieved in one 
or two reactors. In the case of the one-stage system coupling nitritation and denitrification, the two 
reactions are separated in time with sequencing steps. The production of nitrite is obtained by 
controlling hydraulic retention time (HRT) and temperature in the reactor during the first step, 
while the injection of air is stopped and an organic carbon source is added in a further sequence. In 
the two-stage system, aerators which provide both oxygen and mixing are installed in the first 
reactor, the partially treated wastewater of which then flows to the second reactor, where an organic 
carbon source is added (Paredes et al. 2007). 
 
2.2.2 Partial nitritation-Anammox process 
The technologies described above are designed for the main-stream wastewater treatment in 
WWTPs. However, in most WWTPs, the side-stream sludge digestion liquor containing high NH4
+ 
content is often circulated back to the inflow of the mainstream treatment process and mixed with 
the influent wastewater, resulting in a net increase of the N loading of up to 30%. A separate and 
specific treatment for this side-stream wastewater is expected to improve the efficiency of the 
overall biological nitrogen removal. Considering the high temperature and concentration of the 
sludge digestion liquor, the Anammox process is particularly suitable (Kartal et al. 2010). 
 
In the absence of molecular oxygen, Anammox bacteria are capable of autotrophic oxidation of 
NH4
+ to N2 with NO2
- as the electron acceptor (Strous et al. 1999). Stoichiometrically, the 
Anammox process requires a specific molar NO2
-/NH4
+ ratio of 1.32 (Khin and Annachhatre 2004). 
Therefore, to achieve N removal, the Anammox process needs to be coupled to a preceding partial 
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nitritation process, which oxidizes approximately 60% of the NH4
+ in the wastewater to NO2
- and 
thus provides a suitable feed for the subsequent Anammox process. Compared with the 
conventional nitrification-denitrification process, 60% less oxygen demand is required (Jetten et al. 
2001, Sliekers et al. 2002). In addition, the coupled PN-Anammox process requires no organic 
carbon, produces low sludge, and emits less CO2, N2O, and NO. However, the Anammox process 
does not remove nitrate present in the wastewater, and in fact converts part (20%) of the nitrite to 
nitrate (Vlaeminck et al. 2008, Vlaeminck et al. 2009). Therefore, further polishing might be 
required to remove the NO3
- produced.  
 
Table 2.1. The SBR plants performing the PN-Anammox process 
 
The PN-Anammox process can also be carried out in (1) two-stage systems where a continuously 
stirred tank reactor (CSTR) performing partial nitritation is followed by another reactor taking on 
the Anammox process (Hwang et al. 2005, Sun et al. 2010), and (2) one-stage systems with partial 
nitritation and Anammox occurring simultaneously, such as completely autotrophic nitrogen 
removal over nitrite (CANON) (Third et al. 2005) and oxygen-limited autotrophic nitrification 
denitrification (OLAND) (Windey et al. 2005). In consideration of the slow growth of Anammox 
bacteria, structured biofilms or granules are the most suitable niches to achieve the coexistence of 
AOB and Anammox bacteria in one-stage systems. The merit of two-stage systems lies in the 
separate enrichment of dominant bacteria, which not only renders operational flexibility but also 
removes the DO limitation for the nitritation process and the DO inhibition on Anammox bacteria. 
 Amersfort Apeldoorn Balingen Heidelberg Ingolstadt Nieuwegein Plettenberg Zürich 
 DEMON DEMON DEMON DEMON SBR DEMON DEMON SBR 
Source Centrate Centrate Centrate Centrate Centrate Centrate Centrate Centrate 
Reactor volume 
(m3) 
780 2400 705 2 × 570 2 × 560 450 134 2×1400 
TSS (g L-1) 4.5 3.5-4 1.2 1.0-2.5 2.0-4.0 - 3 3.5-4.5 
HRT (h) 26 58 94 114 75 42 40 45 
Volumetric 
loading 
operation (kg-N 
m-3 d-1) 
0.65 0.54 0.04-0.11 0.20 0.18-0.20 0.61 0.45 0.4 
Sludge loading 
design/operation 
(gN kgTSS
-1 d-1) 
194/145 161/155 142/35-95 150/119 129/71 -/- 159/149 107/134 
Energy demand 
(kWh kg-N-1) 
- 1.10 0.92 1.67 1.92 0.8 - 1.11 
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Both one-stage and two-stage systems have been successfully used to treat concentrated ammonium 
streams at lab-, pilot-, and/or full scales (Sun et al. 2010). Tables 2.1 and 2.2 present the state of art 
in some full-scale plants using different installations to carry out the PN-Anammox process. 
 
Table 2.2. The biofilm and two-stage plants performing the PN-Anammox process 
 
So far, the full-scale application of the Anammox process has been mainly limited to treating the 
side-stream sludge digestion liquor returns in WWTPs. Though the PN-Anammox process has been 
proposed and implemented for main-stream wastewater treatment (Kartal et al. 2010), several 
challenges still remain, including (1) the high C/N ratio which induces heterotrophic denitrification 
and therefore results in the reduced populations and activities of AOB and Anammox bacteria, (2) 
the low ammonium concentration which makes the suppression of NOB difficult, (3) the low 
Anammox bacteria activity due to the low temperature and seasonal temperature variation in the 
main-stream, and (4) the necessity of post polishing treatment to meet the strict discharge standards 
and reuse requirements (Cao et al. 2017). A recent study proves the capability of granular 
Anammox bacteria to thrive under mainstream wastewater conditions, with a first step harvest of 
carbon source enabling energy recovery (Lotti et al. 2014b). At 10 °C, the volumetric N removal 
rates obtained were higher than 0.4 g N L-1 d-1, and the biomass specific N removal rate was on 
average 50 ± 7 mg N g VSS-1 d-1. Although studies have shown to be able to deal with the 
 Malmö Olburgen Lichtenvoorde Landshut Rotterdam Bergen op Zoom 
 ANITAMox™ ANAMMOX® CIRCOX®/ 
ANAMMOX® 
Terrana® (SHARON®) 
ANAMMOX® 
NAS® 
Source Centrate Potato UASB 
effluent + centrate 
Tannery 
 
Centrate Centrate Potato UASB 
effluent 
Reactor volume 
(m3) 
4 × 50 600 150 + 75 288 + 495 1800 + 70 7920 (2370, 1650, 
1600, 2300) 
TSS (g L-1) 16 25 25 10-12, 5-6 0.27, 7-10 0.3, 5, 5, 5 (2-7.6) 
HRT (h) 24 5 8 25, 42 36, 6 80 (total) 
Volumetric 
loading 
operation (kg-N 
m-3 d-1) 
1.0-1.2 1.0-2.33 0.89-1, 0.78 1.11, 0.65 0.27, 7.03 0.1 (average) 
Sludge loading 
design/operation 
(gN kgTSS
-1 d-1) 
64/64 80/93 62/71 110, 118/ 
101, 108 
260/238 26 (average) 
/18 (average) 
Energy demand 
(kWh kg-N-1) 
1.0, 1.45-1.75 1.86 - - 4.17 (including 
SHARON®) 
- 
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bottlenecks, further detailed evaluations at full scale are imperative to ensure stable performance of 
the more sustainable main-stream PN-Anammox process. 
 
2.2.3 DAMO process 
DAMO processes are a newly discovered technology which has attracted global attention. The 
discovery of DAMO processes forms an important link between the carbon and nitrogen cycles (Hu 
et al. 2014, Raghoebarsing et al. 2006). It not only stimulates the appreciation of the ecological 
significance of DAMO microorganisms, but also opens avenues to develop more sustainable 
wastewater treatment processes (Guo et al. 2013). The reported functional species include: DAMO 
archaea which are able to reduce nitrate to nitrite using electrons derived from methane oxidation 
(Eq. 6) (Haroon et al. 2013) and DAMO bacteria which are capable of converting nitrite to nitrogen 
gas also with methane as the electron donor (Eq. 7) (Ettwig et al. 2010). Recent and increasing 
interests in DAMO processes have focused on the characterization of microbial community (Ettwig 
et al. 2010, Haroon et al. 2013, Raghoebarsing et al. 2006), the enrichment of specific 
microorganisms (Ettwig et al. 2009, Hu et al. 2009, Kampman et al. 2012), and the potential 
application extensions (Cai et al. 2015, Luesken et al. 2011, Shi et al. 2013, Xie et al. 2017). The 
discovery of DAMO process offers another method which broadens the technologies available to 
achieve nitrogen removal. DAMO microorganisms have been proved to be able to coexist with 
Anammox bacteria (Ding et al. 2014, Shi et al. 2013, Xie et al. 2017), which offers a potential 
alternative to overcome the weaknesses of the Anammox process (e.g., concomitant production of 
nitrate) by making use of in situ-produced methane. However, studies have shown that DAMO 
microorganisms have low growth rates and long doubling times (Kampman et al. 2012), therefore, 
creating a protected niche which keeps a high microbial density and balances the microbial 
composition is key to achieving this kind of system. The limited availability of experimental study 
and the uncertainties about the physiology and kinetics of DAMO microorganisms also greatly 
hinder the application as well as further research. 
 
2.3 Key influencing factors in nitrogen removal 
2.3.1 Factors affecting partial nitritation 
To achieve either the shortcut nitrification-denitrification or the PN-Anammox process, one key 
factor is to depress nitratation (Eq. 2) while promoting nitritation (Eq. 1) as much as possible. 
Generally, NO2
- accumulation is difficult to attain because NOB have higher substrate-utilization 
rates than AOB (Kim et al. 2008). However, the NO2
- route can still be technically favored by 
specific inhibition or removal of NOB while retaining AOB through different approaches based on 
their different physiological characteristics and responses to the following environmental factors 
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(Gali et al. 2006): DO, concentrations of free ammonia (FA) and free nitrous acid (FNA), 
temperature, and inhibitors, with details discussed as follows. 
 
DO concentration. It has been found that AOB have higher affinity for oxygen than NOB, with DO 
half-saturation coefficients of 0.2-0.4 mg L-1 and 1.2-1.5 mg L-1, respectively (Wiesmann 1994). 
Therefore, the NO2
- route can be achieved by keeping the DO at a relatively low concentration. 
Besides, nitratation can be further avoided if nitritation is directly coupled to denitrification or 
Anammox, forcing NOB to compete simultaneously for oxygen and nitrite.  
 
FA and FNA. FA and FNA (both are pH-dependent) inhibit the growth of AOB and NOB at 
different concentration levels. Anthoniesen et al. (1976) calculated concentrations of both FA and 
FNA and reported inhibition of NOB at 0.1-1.0 g N-FA m-3, while concentrations between 10 and 
150 g N-FA m-3 are necessary to inhibit AOB. FNA inhibits NOB (Nitrobacter) at concentrations 
between 0.011 and 0.023 g N-FNA m-3 and AOB (Nitrosomonas) at 0.10-0.40 g N-FNA m-3. 
Therefore, the manipulation of inhibition levels of FA and FNA on the growth of AOB and NOB 
(Park and Bae 2009) makes it possible to preferentially inhibit NOB. However, a combination of 
process factors and microbial compositions within the sludge under different operational conditions 
has been revealed to affect the inhibitory threshold levels of FNA on nitrifiers (Zhou et al. 2011). In 
addition, the threshold inhibitory concentration of FA on NOB could gradually reach up to 40 g N-
FA m-3 with time because NOB can tolerate and acclimate to the increasing FA levels, resulting in 
inevitable NO2
- oxidation (Sun et al. 2010).  
 
Temperature. Temperature has a direct effect on bacterial activity as well as an indirect one via 
governing pH, FA and FNA concentrations, and humidity of the habitats. The difference in 
temperature dependency between AOB and NOB can be used to limit nitratation. For instance, the 
specific growth rate of AOB at 35 °C was reported to be approximately twice that of NOB (Aslan 
and Dahab 2008, Xue et al. 2009). Therefore, by selecting a value of SRT between the requirements 
for AOB and NOB, it is possible to wash NOB out of the system. The single reactor high-activity 
ammonia removal over nitrite (SHARON) process is such a case of washing out NOB through 
operating the chemostat between 30 and 40 °C with an SRT of 1-1.5 days. 
 
Other inhibitors. Some volatile fatty acids (e.g., formic, acetic, propionic, and n-butyric acid) and 
some heavy metals (e.g., chromium, nickel, copper, zinc, lead, and cadmium) have been found to 
preferentially inhibit NOB (Peng and Zhu 2006). Formic acid with concentration of above 100 mg 
L-1 was found to inhibit NOB but show no adverse effect on AOB (Eilersen et al. 1994). Blackburne 
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et al. (2008) successfully initiated NO2
- accumulation in an SBR system at the formic acid 
concentration of 40 mg L-1. However, the supply of inhibitors implies an extra cost and could 
potentially induce some unfavorable effects on downstream treatment and receiving water bodies. 
 
2.3.2 Factors affecting Anammox process 
Despite its effectiveness and advantages to treat high N-strength wastewater with a low C/N ratio 
(e.g., anaerobic digestion liquor), the Anammox technology has still not been widely implemented 
in WWTPs. Besides the long startup time needed, the main handicaps to implement this technology 
include the competition against denitrifiers and the high sensitivity of Anammox bacteria to 
environmental factors (e.g., DO, temperature, FA, and nitrite), to be discussed in detail as follows.  
 
DO concentration. The activity of Anammox bacteria was found to be reversibly inhibited at the 
DO concentration of above 2 μM (Jetten et al. 1997b). However, Anammox bacteria and AOB 
could coexist under oxygen-limiting condition (DO<0.5 mg L-1) (Guo et al. 2013), which 
strengthens the feasibility of realizing the PN-Anammox process in one-stage systems. Pellicer-
Nacher et al. (2010) demonstrated that periodic aeration in the MABR could stimulate the 
abundance of Anammox bacteria and AOB and prevent the increase of NOB, thus easily obtaining 
one-stage autotrophic nitrogen removal biofilm with competitive removal rates. 
 
FA and nitrite. Both ammonia and nitrite as substrates affect the activity and growth of Anammox 
bacteria. Ammonia has little inhibitory effect on Anammox bacteria at concentrations lower than 
1000 mg N L-1 (Ganigue et al. 2007), while nitrite exhibits a distinct inhibitory effect at levels 
above 50-150 mg N L-1 (Dapena-Mora et al. 2010, Kuenen 2008). However, the threshold for nitrite 
inhibition varies among the literature reports and seems to be case specific. 
 
Temperature. The optimal temperature for the operation of the Anammox process is considered to 
be around 30-40 °C, and the Anammox activity drops rapidly at temperatures lower than 15 °C or 
higher than 40 °C. However, increasing evidence supports that Anammox bacteria can tolerate a 
relatively wider temperature range from -2 to 85 °C (Jaeschke et al. 2009, Risgaard-Petersen et al. 
2004). High nitrogen removal efficiencies have been successfully obtained in Anammox reactors 
operated at low temperatures (<20 °C) (Dosta et al. 2008, Isaka et al. 2008).  
 
Organic carbon and competition against denitrifiers. The presence of biodegradable organic 
compounds induces the growth of heterotrophic denitrifiers, which compete against Anammox 
bacteria over the availability of NO2
-. Due to the relatively low growth rate of Anammox bacteria, 
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they are easily outcompeted by denitrifiers. However, the presence of some denitrifying bacterial 
populations coexisting with Anammox bacteria can also benefit the nitrogen removal efficiency, as 
part of the NO3
- produced by Anammox is denitrified to N2 or to NO2
- as a substrate for Anammox 
reaction (Meyer et al. 2005).  
 
2.3.3 Factors affecting DAMO processes 
DAMO processes as a newly-discovered promising technology have the potential to play a 
significant role in achieving sustainable wastewater treatment. Therefore, in addition to the factors 
identified so far as presented below, more research work should be carried out to shed light upon 
the practical application of DAMO processes in the future.  
 
Temperature. Temperature is a significant factor affecting the growth of DAMO microorganisms 
and the selection between DAMO archaea and bacteria, which could be demonstrated by comparing 
DAMO culture enriched at 22°C and culture enriched at 35°C (Hu et al. 2009). The culture at 22°C 
consisted of 15% DAMO bacteria without DAMO archaea, while the culture at 35°C contained 
35% DAMO bacteria and 40% DAMO archaea, indicating DAMO archaea might be more readily 
activated at higher temperatures.  
 
Oxygen. Anaerobic conditions were generally applied to all the enrichment reactors, yet the 
hypothesized pathway showed DAMO bacteria could generate their own oxygen for the oxidation 
of methane. A recent study regarding the effects of extra oxygen on DAMO bacteria showed that 
the addition of 2-8% oxygen resulted in the genes encoding methane oxidation pathway expressed 
but repressed the genes expression encoding denitrification pathway (Luesken et al. 2012). 
 
pH and trace elements. pH could affect the DAMO activities. Although the DAMO microorganisms 
were enriched under slightly different pH conditions, ranging from 6.9 to 7.5, the optimum pH for 
DAMO hasn’t been reported (Ni et al. 2016). A recently study found that trace metal elements such 
as iron (Fe(II)) and copper (Cu(II)) would significantly stimulate the activity and the growth of 
DAMO bacteria (He et al. 2015). 
 
2.3.4 Sludge types 
Flocs, granules, and biofilms are three forms of sludge that are used to achieve biological 
contaminant removal in WWTPs. The selection of proper sludge type mainly depends on the 
properties of specific processes applied. 
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Activated sludge flocs are aggregates of microorganisms and suspended solids which are bound 
together by extracellular polymer substances (EPS) (Jin et al. 2004). In most WWTPs performing 
the conventional nitrification-denitrification process, biological contaminant removal mainly takes 
place within the activated sludge flocs. Therefore, the microbial composition and activity of 
activated sludge flocs determine the removal of pollutants from wastewater. Mass transfer 
efficiency is a key reason for the formation of distinct micro-environments and microbial 
composition in the activated sludge flocs. Diffusion, generally described using effective diffusivity, 
is considered to be the most important mechanism of solute transport through flocs and is mainly 
regulated by temperature, pressure, and medium composition, as well as floc characteristics (such 
as dimension and shape). The resistance of mass transfer was reported to increase with the increase 
in floc size (Han et al. 2012).  
 
Figure 2.4. Schematic diagram of (A) simultaneous nitrification-denitrification and (B) completely 
autotrophic nitrogen removal by PN-Anammox in MABR biofilm (Sun et al. 2010). 
 
Compared with activated sludge flocs, granules have higher biomass retention, better settling 
ability, and greater ability to withstand shocking-loading rates (Morgenroth et al. 1997, Shi et al. 
2009). Therefore, granulation is particularly suitable for slow-growing microorganisms, such as 
Anammox bacteria (Jetten et al. 1997a, Strous et al. 1998). Full-scale granular Anammox reactors 
have been implemented to achieve high nitrogen removal capacities (Abma et al. 2010, Shi et al. 
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2009, van der Star et al. 2007). Aerobic granules have also been used to achieve partial nitrification 
with AOB as the dominant nitrifying bacteria in the granules (Shi et al. 2009, Wan et al. 2013). In 
addition, the combined PN-Anammox process has been successfully developed and applied in one-
stage granular systems (Kampschreur et al. 2009, Lotti et al. 2014a, Vlaeminck et al. 2008). 
 
Figure 2.5. Schematic diagram of a CH4-based MBfR containing Anammox and DAMO 
microorganisms in the biofilm (Shi et al. 2013). 
 
Similar to granules, biofilms, which colonize most environmental surfaces, are aggregates of cell 
and abiotic particulates within an organic polymeric matrix of microbial origin. Natural 
immobilization of the microbial community on inert support surfaces allows excellent biomass 
retention and accumulation without the need for post solid separation devices. The ability of 
biofilm-based processes to uncouple SRT from HRT makes it particularly suitable for slow-
growing organisms such as AOB, Anammox bacteria, and DAMO microorganisms, and prevents 
the microorganisms from being washed out of the system (Syron and Casey 2008). MABRs have 
been proposed to autotrophically remove nitrogen through the simultaneous nitrification-
denitrification process and then PN-Anammox process (Figure 2.4) (Gilmore et al. 2013, Pellicer-
Nacher et al. 2010, Vafajoo and Pazoki 2013). Counter-diffusional delivery of electron donor and 
acceptor allows a flexible control strategy as well as a high mass transfer efficiency, high substrate 
utilization rates, reduced volatile organic compound emissions due to bubbleless oxygenation, and 
redox stratification of the biofilm. Recently, similar to MABRs, CH4-based MBfRs have been 
applied to achieve the coexistence of Anammox and DAMO microorganisms in the same biofilm 
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(Figure 2.5) (Ding et al. 2017, Shi et al. 2013, Xie et al. 2017). The successful enrichment of 
Anammox and DAMO microorganisms opens new avenues for more sustainable wastewater 
treatment technologies. 
 
2.4 Modeling of nitrogen removal processes 
Mathematical models can be used to test a multitude of scenarios and thus are widely applied to 
predict nitrogen removal during biological wastewater treatment (Henze et al. 2000). They provide 
not only a powerful tool for gaining an in-depth understanding of the biochemical processes and 
associated microorganisms but also a strong support for the design, operation, and optimization of 
biological treatment systems.  
 
2.4.1 Activated sludge models 
Activated sludge models (ASMs) are commonly used by the wastewater engineers and widely 
accepted in academic community. The Activated Sludge Model No.1 (ASM1) was developed to 
describe the removal of organic carbon and NH4
+-N during nitrification and denitrification 
processes in activated sludge treatment systems. Based on ASM1, the Activated Sludge Model No. 
2 (ASM2) was further developed, which presents a concept for dynamic simulation of combined 
biological processes for COD, nitrogen, and phosphorus removal, with phosphorus accumulating 
organisms (PAOs) included. Moreover, typical wastewater composition and a set of default 
stoichiometric and kinetic parameters are given in order for reasonable predictions. The Activated 
Sludge Model No. 2d (ASM2d) is an extension of ASM1 and ASM2. In addition to the biological 
phosphorus removal with simultaneous nitrification-denitrification, it introduces the denitrifying 
activity of the PAOs in activated sludge systems. The Activated Sludge Model No.3 (ASM3) 
corrects for all the defects of ASM1 and can predict sludge production, oxygen consumption, 
nitrification, and denitrification in activated sludge systems treating primarily domestic wastewater. 
Compared to ASM1, ASM3 introduces the concept of storage-mediated growth of heterotrophic 
microorganisms, assuming that all readily biodegradable substrates are first taken up and stored as 
an internal storage polymer components used for growth (Gujer et al. 1999, Henze et al. 2000). 
Biological phosphorus removal (contained in ASM2 and ASM2d) is not considered but can be 
easily added on to ASM3. Modifications/extensions of ASMs to describe further processes related 
to biological nitrogen conversion and removal have gained a lot of interest. For example, Activated 
Sludge Model for Nitrogen (ASMN) (Hiatt and Grady 2008) is commonly used to study the 
sequential reduction in heterotrophic denitrification. ASMs extended with N2O production 
mechanisms are widely adopted to investigate N2O production and emissions from wastewater 
treatment systems. 
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2.4.2 Anammox modeling 
Mathematical modelling has been widely used to describe the Anammox process and evaluate the 
effects of operational conditions on the Anammox performance. Early approaches to model the 
Anammox process mainly comprised simple Monod models that were used to estimate the 
maximum specific growth rate (𝜇𝐴𝑛) and the half-saturation constant for the substrate (NO2
- or 
NH4
+) of the Anammox reaction (𝐾𝑁𝑂2
𝐴𝑛  or 𝐾𝑁𝐻4
𝐴𝑛 ) (Strous et al. 1998, van der Star et al. 2008). 
However, due to the complexity of multi-substrate biological processes, simulation of the 
Anammox process has been described by double Monod equations, which are adaptions of the 
ASMs. The dependency of the growth rate of the Anammox bacteria (𝑟𝐴𝑛) on NO2
--N and NH4
+-N 
concentrations can be described as follows: 
𝑟𝐴𝑛 = 𝜇𝐴𝑛
𝑆𝑁𝑂2
𝑆𝑁𝑂2+𝐾𝑁𝑂2
𝐴𝑛
𝑆𝑁𝐻4
𝑆𝑁𝐻4+𝐾𝑁𝐻4
𝐴𝑛 𝑋𝐴𝑛                                                                                                  (8) 
When necessary, the inhibition of oxygen and nitrite on the Anammox process could also be 
incorporated into the model. The Anammox model has been successfully adopted to describe the 
granule-based Anammox process (Ni et al. 2009, Puyol et al. 2013) and biofilm-based PN-
Anammox process (Hao et al. 2002, Ni and Yuan 2013, Terada et al. 2007). The typical 
stoichiometric and kinetic parameters of the Anammox process can be found in Table 2.3. 
 
Table 2.3. Typical stoichiometric and kinetic parameters for Anammox bacteria 
 
2.4.3 DAMO modeling 
Mathematical modelling is a particularly useful tool for studying emerging technologies such as the 
DAMO processes. However, only limited modelling research on the DAMO processes based on the 
well-established ASMs has been reported so far. He et al. (2013) applied Monod-type kinetics in 
Parameter Definition Value Unit Source 
𝑌𝐴𝑛 Yield coefficient for Anammox 0.159 g COD g
-1 N (Strous et al. 1998) 
𝜇𝐴𝑛 Maximum specific growth rate of 
Anammox 
0.003  h-1  (Koch et al. 2000)  
𝑏𝐴𝑛 Aerobic endogenous respiration rate 0.00013  h
-1  (Hao et al. 2002) 
𝐾𝑁𝑂2
𝐴𝑛  Nitrite affinity constant for Anammox 0.05 g N m-3 (Hao et al. 2002) 
𝐾𝑁𝐻4
𝐴𝑛  Ammonium affinity constant for 
Anammox 
0.07 g N m-3 (Strous et al. 1998) 
𝜂𝐴𝑛 Anoxic reduction factor for Anammox 0.5 - (Koch et al. 2000) 
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order to describe the activity of DAMO bacteria in an SBR and acquired some key kinetic 
parameters of DAMO bacteria. Nevertheless, the model structure and the obtained parameters 
require further assessment in view of the obvious discrepancy between the model prediction and the 
experimental data at the later stage of the long-term operation. Winkler et al. (2015) proposed a 
granular sludge system coupling Anammox bacteria and DAMO bacteria, and evaluated its 
feasibility to achieve simultaneous ammonium and dissolved methane removal from anaerobic 
digestion liquor using stoichiometric and kinetic parameter values derived from literature reported 
data and thermodynamic analysis. However, in order to offer a solid basis for the practical 
application of such a system, the model could be further improved by including DAMO archaea, 
especially considering the high nitrate concentration in the simulated effluent. With the increasing 
availability of DAMO cultures and reliable kinetic parameters, more modelling research on DAMO 
microorganisms and the associated key factors could be expected, which would advance the 
knowledge of DAMO processes and in turn facilitate the future applications of the DAMO-based 
integrative technologies. 
 
2.4.4 Biofilm models 
The multi-species mathematical models including non-uniform biomass distribution inside the 
biofilm emerged in the 1980s (Wanner and Gujer 1986, Wanner and Reichert 1996). Based on 
population-averaged behavior of different functional groups, these biofilm models represented 
biomass as a continuum and maintained a simplified one-dimensional geometry. However, spatial 
patterns for substrates and different types of biomass within the biofilm were added, and the 
changes in the biofilm thickness were predicted. One-dimensional multi-species biofilm models 
have been successfully applied to describe and assess the one-stage biofilm-based CANON process 
(Hao et al. 2002) and MABRs taking on the PN-Anammox process (Ni et al. 2013, Terada et al. 
2007). 
 
The availability of advanced experimental techniques and tools has significantly facilitated a 
detailed assessment of structure and activity of biofilms. Motivated and enabled by the new 
experimental discoveries as well as the increasingly powerful computers and numerical methods, 
mathematical models have evolved in parallel (Noguera et al. 1999). Biofilm models have been 
further expanded to two- and three-dimensional (2D and 3D) models, which reproduce micro-scale 
multi-species interactions. The development of individual-based models (IbMs) for microbial 
biofilm is such a case in point (Lardon et al. 2011). 
 
Nowadays, all types of models are available to anyone interested in applying mathematical 
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modeling to biofilm research or application. However, which model type to choose remains an 
important decision. The one-dimensional models can be implemented quickly and easily, but cannot 
capture all the details. On the other hand, although computationally intense and demanding in a 
high level of modeling expertise, multi-dimensional models can produce highly detailed and 
complex descriptions of biofilm geometry and ecology. In general, the best choice relies on the 
intersection of the user’s modeling capability, biofilm system, and modeling goal. 
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Chapter 3 – Thesis Overview 
The scope of this thesis is to develop mathematical models capable of describing the rather complex 
microbial interactions in the MBfRs coupling Anammox-DAMO or PN-Anammox-DAMO and 
then apply the developed models, in the context of achieving sustainable wastewater treatment, to 
evaluate the system performance and microbial community structure of the MBfRs under different 
operational conditions. The research overview of this thesis is outline below, while the detailed 
knowledge gaps, methodologies, and research outcomes addressing each research objective are 
presented in Chapters 4-7. 
 
3.1 Developing a mathematical model describing Anammox and DAMO 
processes in an MBfR 
Although the coculture of Anammox and DAMO microorganisms has been successfully 
established, little effort has been dedicated to modeling this coupled system, particularly the DAMO 
processes. Chapter 4 aims to develop, calibrate, and validate a mathematical model to describe the 
simultaneous anaerobic methane and ammonium oxidation with the coculture of DAMO and 
Anammox microorganisms in an MBfR. The MBfR was fed with methane through gas-permeable 
membranes, while nitrate and ammonium in the bulk liquid outside the biofilm. A mathematical 
model incorporating the anabolic and catabolic processes of DAMO archaea, DAMO bacteria, and 
Anammox bacteria was proposed and then calibrated and validated using the experimental data 
from both the long-term operation (over 400 days) and the batch tests at different operational 
stages, respectively, of the lab-scale MBfR. Uncertainty analysis was conducted to check the 
identifiability of the parameters calibrated. 
 
3.2 Investigating complete nitrogen removal by coupling partial nitritation-
Anammox- DAMO 
Complete autotrophic nitrogen removal could be achieved by coupling PN-Anammox-DAMO, i.e., 
a reactor performing partial nitriation followed by an MBfR integrating Anammox and DAMO 
processes, the successful implementation of which thus relies on the definition of operational 
conditions that enable effective enrichment of an Anammox-DAMO dominated biofilm with a 
suitable NO2
-/NH4
+ ratio produced from partial nitritation. However, the effects of operational 
conditions on such an Anammox-DAMO biofilm system are not clear and haven’t been studied 
systematically. Chapter 5 aims to assess the complete nitrogen removal through coupling PN-
Anammox-DAMO, with focus on the development of microbial community consisting of 
Anammox bacteria, DAMO archaea, and DAMO bacteria in the MBfR as well as the associated 
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system performance under different operational conditions. To this end, the mathematical model 
developed in Chapter 4 was further extended to describe the practically applied nitrite-feeding 
MBfR. The model validity in describing the system in the presence of nitrite and hence possible 
nitrite inhibition was evaluated using batch experimental data from a lab-scale MBfR system 
containing an Anammox-DAMO biofilm with different feeding nitrogen compositions. The verified 
model was then applied to investigate the separate and combined effects of operational conditions 
including partial nitritation produced NO2
-/NH4
+ ratio, methane supply, biofilm thickness, and TN 
surface loading on the system performance and microbial community structure of the MBfR. 
Finally, the proof-of-concept feasibility of a single-stage MBfR coupling PN-Anammox-DAMO for 
complete nitrogen removal was tested through integrating the model with AOB and NOB processes 
whilst controlling the bulk liquid DO concentration in the simulated system. 
 
3.3 Evaluating the feasibility of simultaneous ammonium and dissolved methane 
removal from anaerobic digestion liquor in an MBfR 
The commonly applied approach to treating anaerobic digestion liquor, i.e., the combination of 
partial nitritation and Anammox, would possibly strip the dissolved methane remaining to the 
atmosphere, resulting in the increased carbon footprint of WWTPs. A single-stage MBfR 
integrating PN-Anammox-DAMO could be used to remove ammonium and dissolved methane 
simultaneously from anaerobic digestion liquor. In such an MBfR, anaerobic digestion liquor is 
provided in the bulk liquid, while oxygen is supplied through gas-permeable membranes to avoid 
dissolved methane stripping. Chapter 6 therefore aims to assess the system performance of such a 
single-stage MBfR under different operational conditions and the corresponding microbial 
interactions using mathematical modeling. The model developed in Chapter 5 was applied to 
evaluate the operational parameters including influent surface loading (or HRT), oxygen surface 
loading, and biofilm thickness.  
 
3.4 Assessing simultaneous ammonium, dissolved methane, and sulfide removal 
in an MBfR 
In addition to ammonium and dissolved methane, anaerobic digestion liquor might also contain 
sulfide, which is not only malodorous and corrosive but also toxic to human as well as a variety of 
microorganisms. In fact, sulfide could be used as an additional electron donor to further enhance the 
nitrogen removal from anaerobic digestion liquor. Chapter 7 aims to evaluate the conceptual 
feasibility of simultaneous ammonium, dissolved methane, and sulfide removal from both main-
stream and side-stream anaerobic digestion liquors in single-stage MBfRs using mathematical 
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modeling. A more comprehensive model capable of describing the possible microbial interactions 
in such MBfRs was developed through incorporating the previously well-established sulfide 
bioconversion kinetics on the basis of the model established in Chapters 5 and 6. A series of 
simulation scenarios concerning key operational parameters, i.e., influent surface loading (or HRT) 
and oxygen surface loading, was carried out for both main-stream and side-stream MBfRs through 
applying the developed model. 
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Chapter 4 – Development of a Mathematical Model Describing 
Anammox and DAMO in an MBfR 
 
 
 
 
This chapter has been published and modified for incorporation into this thesis: Chen, X., Guo, J., Shi, 
Y., Hu, S., Yuan, Z. and Ni, B.-J. (2014) Modeling of Simultaneous Anaerobic Methane and 
Ammonium Oxidation in a Membrane Biofilm Reactor. Environmental Science & Technology 48(16), 
9540-9547.
49 
 
Abstract 
Nitrogen removal by using the synergy of DAMO and Anammox microorganisms in an MBfR has 
previously been demonstrated experimentally. In this chapter, a mathematical model was developed 
to describe the simultaneous anaerobic methane and ammonium oxidation by DAMO and 
Anammox microorganisms in an MBfR for the first time. In this model, DAMO archaea convert 
nitrate, both externally fed and/or produced by Anammox, to nitrite, with methane as the electron 
donor. Anammox and DAMO bacteria jointly remove the nitrite fed/produced, with ammonium and 
methane as the electron donor, respectively. The model was successfully calibrated and validated 
using the long-term (over 400 days) dynamic experimental data and two independent batch tests at 
different operational stages, respectively, of the MBfR. The model satisfactorily described the 
methane oxidation and nitrogen conversion data from the system. Modeling of this MBfR system is 
an important step towards the development of this integrated Anammox-DAMO process into a 
practical technology. The model established and the related parameters obtained in this chapter are 
expected to enhance the ability to understand and predict DAMO processes and can serve as a tool 
to explore the effects of operational conditions on systems taking on the integrated Anammox-
DAMO process and optimize this innovative integrated technology for sustainable wastewater 
treatment. 
 
4.1 Introduction 
4.1.1 Research gaps 
Anammox bacteria are capable of autotrophic oxidation of ammonium to N2 with nitrite as the 
electron acceptor in the absence of molecular oxygen (Strous et al. 1999). However, the Anammox 
process does not remove nitrate present in wastewater, and in fact converts part (20%) of the nitrite 
to nitrate (Vlaeminck et al. 2008, Vlaeminck et al. 2009). Thus, high-level nitrogen removal may 
not be achieved although the produced nitrate load would be relatively small compared to the 
overall nitrogen load to the plant. Heterotrophic denitrification could potentially reduce the nitrate, 
yet external carbon source would be required and the plant footprint would increase. The discovery 
of DAMO microorganisms provides a potential solution to the problem. Methane is an inexpensive, 
widely available carbon source as compared to other electron donors such as methanol and ethanol. 
It could be generated onsite at a WWTP through anaerobic sludge digestion (Modin et al. 2007). 
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Indeed, nitrogen removal from wastewater using cocultures of Anammox and DAMO 
microorganisms has been proposed and demonstrated to simultaneously remove nitrite, nitrate, and 
ammonium, with N2 as the sole end product (Luesken et al. 2011, Shi et al. 2013).  
 
Considering the slow growth kinetics of both DAMO (Kampman et al. 2012) and Anammox 
microorganisms (Jetten et al. 1997), the MBfR is particularly suitable for sustaining or supporting 
sufficient DAMO and Anammox biomass (Lee and Rittmann 2002, Modin et al. 2010, Shin et al. 
2005, Zhang et al. 2009) due to its immobilized biomass retention as well as counter-diffusional 
design of gas and liquid substrates (Martin and Nerenberg 2012, Syron and Casey 2008). Recently, 
Shi et al. (2013) successfully developed a coculture of DAMO and Anammox microorganisms in a 
lab-scale MBfR system, which was fed with methane from inside of membranes and with 
ammonium and nitrate provided in the bulk liquid outside the membranes. By growing 
microorganisms directly on the membranes, counter diffusing fluxes of methane and nitrogen and 
other nutrients are generated, resulting in controlled redox stratification of the biofilm. 
 
Although the coculture of Anammox and DAMO microorganisms has been successfully 
established, little effort has been dedicated to modeling this coupled system, particularly the two 
DAMO processes. Raghoebarsing et al. (2006) and Lopes et al. (2011) reported the methane affinity 
constant for DAMO bacteria to be around 0.6 µM, however, they did not model the DAMO archaea 
and DAMO bacteria processes separately. He et al. (2013) proposed a kinetic model for DAMO 
bacteria. However, the full verification of the model with experimental data was still missing and 
DAMO archaea have not been modeled. 
 
4.1.2 Research objective 
The objective of this chapter is to develop a mathematical model to describe the simultaneous 
DAMO and Anammox processes in an MBfR. To this end, a mathematical model incorporating the 
anabolic and catabolic processes of DAMO archaea, DAMO bacteria, and Anammox bacteria was 
proposed and then calibrated and validated using the experimental data from both the long-term 
operation (over 400 days) and the batch tests at different operational stages of the lab-scale MBfR. 
It is expected that the developed model would provide support for further development of more 
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efficient nitrogen removal processes driven by the coculture of DAMO and Anammox 
microorganisms.  
 
4.2 Materials and Methods 
4.2.1 Model development 
In the lab-scale MBfR enriched with the coculture of DAMO and Anammox microorganisms, 
methane was supplied through gas-permeable membranes, which also served as biofilm support, to 
the base of the biofilm, while other substrates, namely ammonium and nitrate, were supplied from 
the bulk liquid phase, as shown in Figure 4.1.A. Figure 4.1.B illustrates the main biochemical 
reactions and the potential interactions among microorganisms in the biofilm. Based on the known 
metabolisms of DAMO and Anammox microorganisms, microbial analysis, mass balance, and 
isotope analysis, Shi et al. (2013) revealed the coexistence of DAMO archaea, DAMO bacteria, and 
Anammox bacteria as well as their functionalities in the biofilm. Hence, the three biochemical 
reactions as described in Eqs. 5 – 7 are considered in the model to describe the simultaneous 
consumption of methane, ammonium, and nitrate in the MBfR system (Figure 4.1.B).  
 
A multispecies and multisubstrate one-dimensional biofilm model was then constructed through 
employing the software AQUASIM 2.1d (Reichert 1998) to simulate the bioconversion processes 
and microbial community structure for simultaneous anaerobic methane and ammonium oxidation 
in the MBfR. The biochemical reaction model contains terms describing the consumption and/or 
production of methane, ammonium, nitrate, and nitrite among DAMO archaea, DAMO bacteria, 
and Anammox bacteria in the biofilm. The model describes the relationships among five soluble 
species, i.e., ammonium (SNH4), nitrate (SNO3), nitrite (SNO2), methane (SCH4), and nitrogen (SN2), and 
four particulate species, i.e., DAMO archaea (XDa), DAMO bacteria (XDb), Anammox bacteria 
(XAn), and inert biomass (XI). For all the microorganisms, both growth and endogenous respiration 
processes are included in the model. Kinetic control of all the enzymatic reaction rates is described 
by the Monod equation. The rate of each reaction is modeled by an explicit function of the 
concentrations of all substrates involved in the reaction. The effects of pH on biological reactions 
are not considered in the current model since the pH was controlled at a constant level (around 7.0) 
in the experimental MBfR of this chapter. The inhibition of FNA and FA on microorganisms is also 
not included due to the fact that nitrite accumulation was not observed during the whole MBfR 
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operation and that the FA level (0.25-0.90 mg N L-1) in the reactor was much lower than the 
inhibitory level previously reported in literature (Tang et al. 2010). Continuity checking was 
performed according to Hauduc et al. (2010) to ensure correct mass balance of all components. The 
stoichiometrics and kinetics of the developed model are summarized in Table 4.1. Table 4.2 lists the 
definitions, values, units, and sources of all parameters used in the developed model. 
 
Figure 4.1. Concept of an MBfR with the coculture of DAMO archaea, DAMO bacteria, and 
Anammox bacteria: (A) biofilm grown on a gas-permeable membrane with counter diffusing fluxes 
of methane and substrates; and (B) microbial interactions and the biochemical reactions in the 
biofilm. 
 
The MBfR is modeled to consist of two different compartments, i.e., a completely mixed gas 
compartment, representing the membrane lumen operated as flowthrough, and a biofilm 
compartment, containing the biofilm and bulk liquid. The specifications and the influent conditions 
in the model are set according to the experimental conditions. The gas compartment is connected to 
the base of the biofilm through a diffusive link. The gaseous concentration of methane in the gas 
compartment is determined by the gas flow rates together with the applied gas pressure. The flux of 
methane (LCH4) from the gas to the biofilm matrix compartment through the membrane is modeled 
using the following equation according to Ni et al. (2013). 
𝐿𝐶𝐻4 =  𝑘𝐶𝐻4(
𝑆𝐶𝐻4,𝑔
𝐻𝐶𝐻4
− 𝑆𝐶𝐻4)                                                                                                              (9) 
53 
 
where 𝑆𝐶𝐻4,𝑔  and 𝑆𝐶𝐻4 are the concentrations of methane in the gas and biofilm matrix 
compartments (g COD m-3), respectively, 𝑘𝐶𝐻4 is the overall mass transfer coefficient of methane 
(m h-1), which was determined according to Pellicer-Nacher et al. (2010), and 𝐻𝐶𝐻4 is the Henry 
coefficient for methane (mole CH4 m
-3 gas/mole CH4 m
-3 liquid). 
 
The biofilm compartment is modeled according to Ni and Yuan (2013). Biofilm structures are 
represented as a continuum. No diffusive mass transport of biomass in the biofilm matrix is 
considered. The detachment is described using a global detachment velocity, ude (µm h
-1), i.e., the 
velocity by which particulate components are detached from the biofilm surface. The composition 
of solids detached from the biofilm is according to their composition at the biofilm surface. The 
steady-state biofilm thickness is established by controlling the detachment velocity in model 
simulations. The surface detachment velocity is modeled based on the biofilm growth velocity (uF, 
µm h-1), the biofilm thickness (Lf), and the desired mean biofilm thickness (Lf,mean) as follows: 
2
, )/( meanffFde LLuu  (Ni and Yuan 2013). The detached particulates are assumed to be removed 
from the system. No re-attachment of detached particulates is considered in the model. The biofilm 
thickness was set to match experimental observations, which increased gradually and reached 
constant at the end of the operation. An average biofilm thickness is applied in the one-dimensional 
biofilm model without consideration of its variation with locations. The thickness of the boundary 
layer between the liquid phase and biofilm is set as 100 μm, irrespective of biofilm thickness. The 
biomass density is 50,000 g m-3 (Ni and Yuan 2013). Also, biological reactions in the bulk liquid 
phase are considered negligible. Parameters regarding the mass transfer coefficients for ammonium, 
nitrite, and nitrate are selected according to Ni and Yuan (2013). 
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Table 4.1. Stoichiometric and kinetic matrix for the biochemical reaction model in Chapter 4
Variable 
Process 
SNH4 
N 
SNO2 
N 
SNO3 
N 
SN2 
N 
SCH4 
COD 
XDa 
COD 
XDb 
COD 
XAn 
COD 
XI 
COD 
Kinetics rates expressions 
DAMO archaea 
1. Growth of 
DAMO archaea 
−𝑖𝑁𝐵𝑀 
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
 −
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
  −
1
𝑌𝐷𝑎
 1    𝜇𝐷𝑎
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑎
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑎 𝑋𝐷𝑎 
2. Endogenous 
respiration of 
DAMO archaea 
𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼
∗ 𝑓𝐼 
 −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
  -1   𝑓𝐼 𝑏𝐷𝑎
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑎 𝑋𝐷𝑎 
DAMO bacteria 
3. Growth of 
DAMO bacteria 
−𝑖𝑁𝐵𝑀 −
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
  
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
 −
1
𝑌𝐷𝑏
  1   𝜇𝐷𝑏
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐷𝑏
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑏 𝑋𝐷𝑏 
4. Endogenous 
respiration of 
DAMO bacteria 
𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼
∗ 𝑓𝐼 
 −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
   -1  𝑓𝐼 𝑏𝐷𝑏
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑏 𝑋𝐷𝑏 
Anammox bacteria 
5. Growth of 
Anammox bacteria 
−𝑖𝑁𝐵𝑀
−
1
𝑌𝐴𝑛
 
−
1
𝑌𝐴𝑛
−
1
1.14
 
1
1.14
 
2
𝑌𝐴𝑛
    1  𝜇𝐴𝑛
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐴𝑛
𝑆𝑁𝐻4
𝑆𝑁𝐻4 + 𝐾𝑁𝐻4
𝐴𝑛 𝑋𝐴𝑛 
6. Endogenous 
respiration  of 
Anammox bacteria 
𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼
∗ 𝑓𝐼 
 −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
    -1 𝑓𝐼 𝑏𝐴𝑛
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐴𝑛 𝑋𝐴𝑛 
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Table 4.2. Stoichiometric and kinetic parameters of the developed model in Chapter 4 
Parameter Definition Values Unit Source 
Stoichiometric parameters 
𝑌𝐷𝑎 Yield coefficient for DAMO archaea 0.071 g COD g
-1 COD This study 
𝑌𝐷𝑏 Yield coefficient for DAMO bacteria 0.055 g COD g
-1 COD This study 
𝑌𝐴𝑛 Yield coefficient for Anammox 0.159 g COD g
-1 N (Strous et al. 1998) 
𝑖𝑁𝐵𝑀 Nitrogen content of biomass 0.07 g N g
-1 COD (Ni et al. 2013) 
𝑖𝑁𝑋𝐼 Nitrogen content of XI 0.02 g N g
-1 COD (Ni et al. 2013) 
𝑓𝐼 Fraction of XI in biomass decay 0.10 g COD g
-1 COD (Ni et al. 2013) 
DAMO archaea 
𝜇𝐷𝑎 Maximum growth rate of DAMO archaea 0.00151 h
-1 This study 
𝑏𝐷𝑎 
Endogenous respiration rate of DAMO 
archaea 
0.00009 h-1 
Adapted from (He 
et al. 2013) 
𝐾𝑁𝑂3
𝐷𝑎  Nitrate affinity constant for DAMO archaea 0.11 g N m-3 This study 
𝐾𝐶𝐻4
𝐷𝑎  
Methane affinity constant for DAMO 
archaea 
5.888 g COD m-3 
Adapted from (He 
et al. 2013) 
DAMO bacteria 
𝜇𝐷𝑏 Maximum growth rate of DAMO bacteria 0.0018 h
-1 This study 
𝑏𝐷𝑏 
Endogenous respiration rate of DAMO 
bacteria 
0.00009 h-1 (He et al. 2013) 
𝐾𝑁𝑂2
𝐷𝑏  Nitrite affinity constant for DAMO bacteria 0.01 g N m-3 This study 
𝐾𝐶𝐻4
𝐷𝑏  
Methane affinity constant for DAMO 
bacteria 
5.888 g COD m-3 (He et al. 2013) 
𝐾𝑁𝑂3
𝐷𝑏  Nitrate affinity constant for DAMO bacteria 0.5 g N m-3 
Adapted from 
(Henze et al. 2000) 
Anammox bacteria 
𝜇𝐴𝑛 Maximum growth rate of Anammox 0.003 h
-1 (Strous et al. 1998) 
𝑏𝐴𝑛 Endogenous respiration rate of Anammox 0.00013 h
-1 (Hao et al. 2002) 
𝐾𝑁𝑂2
𝐴𝑛  Nitrite affinity constant for Anammox 0.05 g N m-3 (Hao et al. 2002) 
𝐾𝑁𝐻4
𝐴𝑛  Ammonium affinity constant for Anammox 0.07 g N m-3 (Strous et al. 1998) 
𝐾𝑁𝑂3
𝐴𝑛  Nitrate affinity constant for Anammox 0.5 g N m-3 
Adapted from 
(Henze et al. 2000) 
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4.2.2 Experimental data for model evaluation 
Experimental data from the lab-scale MBfR coupling Anammox and DAMO processes previously 
reported in Shi et al. (2013) was used to calibrate and validate the developed model. The setup of 
the MBfR system is illustrated in Figure 4.2. The MBfR had a total volume of 1150 mL including 
400 mL of hollow fiber membranes, 300 mL interior space for gas supply, and 450 mL external 
space outside the membranes for completely mixed liquid. The total surface area of the membranes 
was 1 m2. The hollow fibre membranes were taken from the membrane module (AIP-2013, Pall, 
Japan), which comprised a bundle of 900 polyacrynlonitrile hollow fibres inside a polysulphone 
housing. The hollow fiber (inner diameter 0.8 mm, outer diameter 1.4 mm, length 552 mm) was a 
composite membrane with macroporous material in the outer and inner layers, and a dense porous 
layer between the two layers. The interior of the hollow fibres was connected to a feeding gas 
cylinder. The liquid was recirculated through an overflow bottle (150 mL in liquid volume) by a 
peristaltic pump (Masterflex, USA) to provide mixing. A 330 mL vessel (overflow bottle) with a 
180 mL headspace was employed to discharge nitrogen gas generated, and it was continuously 
mixed with a magnetic stirrer (Labtek, Australia) at 150 rpm. The overflow bottle also had a liquid 
sampling point and a gas sampling point equipped with a black stopper on the top. A water seal 
bottle was used for the release of gas and liquid from the overflow vessel, to prevent air going into 
the system. A 2.4 L feeding bottle was connected to the system by a feeding pump, supplying fresh 
medium to the MBfR. A 10 L gas bag (Tedlar, Australia) containing nitrogen gas was connected to 
the feeding bottle to keep the medium oxygen free. The temperature and pH were monitored and 
controlled at 22 ± 2 °C and 7.0 ± 0.2, respectively. The MBfR was fed with a synthetic wastewater 
containing nitrate and ammonium at 200-600 mg N L-1 and 200-300 mg N L-1, respectively. The 
methane flux into the MBfR was set at around 1×10-5 m3 h-1 through adjusting a gas regulator to 
control the gas pressure. 
 
During the startup phase, the MBfR was fed with concentrated nitrate (80 g N L-1) and ammonium 
(48 g N L-1) solutions weekly to keep nitrate and ammonium concentrations both at 200 mg N L-1 
after feeding. This phase was to cultivate biofilm and enhance the activities of microorganisms. To 
ensure enough supply of methane, the inner membranes were manually re-pressurized to 1.5 atm 
when the pressure decreased to 1.2 atm. After 290 days, the MBfR was then operated as an SBR. 
The cycle length was set to one day, and 150 mL fresh medium was fed within 5 min at the 
beginning of each cycle, thus resulting in an HRT of three days. During the whole SBR phase, the 
inner hollow fiber membranes were connected to the gas cylinder at all time in order to maintain the 
pressure at 1.3 atm. With the improvement of the MBfR performance, the feeding ammonium and 
nitrate concentrations were stepwise increased from the initial level of 200 mg N L-1 to 300 mg N L-
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1 and 600 mg N L-1, respectively, during the over 400-day SBR operation. The change of biomass 
activity during the SBR operation was regularly determined using SBR cycle profiles. Fluorescent 
in situ hybridization (FISH) results demonstrated the coexistence and joint dominance of DAMO 
archaea, DAMO bacteria, and Anammox bacteria in the biofilm during the SBR operation (Shi et 
al. 2013). At the end of each SBR cycle, nitrate, nitrite, and ammonium concentrations in the 
effluent were measured using a Lachat QuikChem8000 Flow Injection Analyzer (Lachat 
Instrument, Milwaukee, Wisconsin). 
 
Figure 4.2. Schematic diagram of the MBfR: the straight lines show the direction of liquid flows, 
and the dash lines show the direction of methane gas flows. 
 
Two Batch Tests A and B were conducted at different operational stages during the SBR operation 
of the MBfR (on Day 130 and Day 440 of the SBR operation), as indicated in the two shadow 
regions in Figure 4.3. To measure the consumption of methane, the MBfR was disconnected from 
the gas cylinder to stop methane supply. Then both the interior of the hollow fiber membranes and 
the liquid phase of the MBfR were connected to the overflow bottle and filled with methane 
saturated liquid medium. The auto-overflow point was locked so that the headspace in the overflow 
bottle became the only gas phase of the whole system and the consumption of methane could be 
measured. Batch Test A was operated in the batch mode for 30 hours after a 12-hour equilibrating 
period, while Batch Test B was operated for 3 hours due to the increasing activities of 
microorganisms. In addition to ammonium, nitrate, and nitrite concentrations, nitrogen and methane 
gas partial pressures were also measured on a gas chromatograph (Shimazu, Japan). The methane 
and nitrogen concentrations in liquid phase were determined from the gas phase data using the 
Henry’s law. 
 
MBfR 
CH4 
Liquid  
sampling  
point 
Overflow bottle 
Water seal 
Feeding bottle 
Gas sampling point 
Feeding pump 
Recirculation  
pump 
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4.2.3 Model calibration, uncertainty analysis, and model validation 
The model includes 6 species-specific biochemical processes and 20 stoichiometric and kinetic 
parameters, as summarized in Tables 4.1 and 4.2. Some of these parameters are well established in 
previous studies (e.g., Anammox related kinetics). Thus, literature values were directly adopted for 
these parameters (Table 4.2). However, limited information is available in literature for the 
parameters related to DAMO microorganisms (He et al. 2013, Lopes et al. 2011), e.g., 𝑌𝐷𝑎, 𝑌𝐷𝑏, 
𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , 𝐾𝐶𝐻4
𝐷𝑎 , 𝐾𝑁𝑂2
𝐷𝑏 , and 𝐾𝐶𝐻4
𝐷𝑏 . Preliminary data analysis revealed that some of the 
parameters (e.g., 𝐾𝐶𝐻4
𝐷𝑎  and 𝐾𝐶𝐻4
𝐷𝑏 ) are not identifiable from the data set available. For these 
parameters, literature reported values were adopted. Parameter estimation based on experimental 
measurements was then only carried out for six parameters, i.e., 𝑌𝐷𝑎, 𝑌𝐷𝑏, 𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , and 
𝐾𝑁𝑂2
𝐷𝑏  (Tables 4.2). These six parameter values were estimated through minimizing the sum of 
squares of the deviations between the experimental measurements and the model predictions for the 
long-term dynamic data of effluent ammonium, nitrite, and nitrate concentrations, as well as 
ammonium and nitrate removal rates. The SBR behaviour of the MBfR was modeled through 
implementing all phases in an SBR cycle. 
 
Table 4.3. Experimental conditions and design for model evaluation 
 Long-term operation Batch Test A Batch Test B 
Purpose Model calibration Model validation 
Parameters 
calibrated 
𝑌𝐷𝑎, 𝑌𝐷𝑏, 𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , 𝐾𝑁𝑂2
𝐷𝑏  N/A N/A 
Experimental 
conditions 
Methane: 1×10-5 m3 h-1, 1.3 atm 
NO3
-: 200 – 600 mg N L-1 
NH4
+: 200 – 300 mg N L-1 
CH4: 7.59 mmol 
NO3
-: 6.59 mmol 
NH4
+: 4.81 mmol 
NO2
-: 0 mmol 
N2: 1.19 mmol 
CH4: 5.16 mmol 
NO3
-: 6.82 mmol 
NH4
+: 6.66 mmol 
NO2
-: 0 mmol 
N2: 0.24mmol 
Duration Over 400 days 30 hours 3 hours 
Data collected 
Effluent NO3
-, NH4
+ 
Nitrogen removal rates 
CH4, NO3
-, NH4
+, 
NO2
-, N2 
CH4, NO3
-, NH4
+, 
NO2
-, N2 
 
Parameter estimation and parameter uncertainty evaluation were conducted according to Batstone et 
al. (2003), with a 95% confidence level for significance testing and parameter uncertainty analysis. 
The standard errors and 95% confidence intervals of individual parameter estimates were calculated 
from the mean square fitting errors and the sensitivity of the model to the parameters. The 
determined F-values were used for parameter combinations and degrees of freedom in all cases. A 
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modified version of AQUASIM 2.1d was used to determine the parameter surfaces (Ge et al. 2010). 
 
Model validation was then conducted with the calibrated model parameters using the independent 
experimental data sets from the two Batch Tests A and B under different substrate and operational 
conditions. Batch Test A was conducted on day 130 of the SBR operation of the MBfR with the 
initial methane, ammonium, and nitrate set at 7.59 mmol, 4.81 mmol, and 6.59 mmol, respectively. 
However, Batch Test B was conducted at the end of the SBR operation of the MBfR on day 440 
with the initial methane, ammonium, and nitrate set at 5.16 mmol, 6.66 mmol, and 6.82 mmol, 
respectively. Detailed experimental scheme for the model development can be found in Table 4.3. 
 
4.3 Results 
4.3.1 Model calibration 
Figures 4.3.A and 4.3.B illustrate the dynamic profiles of ammonium and nitrate in the influent and 
effluent fluxes during the over 400-day long-term SBR operation of the MBfR, which were used for 
model calibration. The six key parameters, i.e., 𝑌𝐷𝑎, 𝑌𝐷𝑏, 𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , and 𝐾𝑁𝑂2
𝐷𝑏 , which regulate 
the reactor performance and microbial composition, were estimated by fitting simulation results to 
the monitored data. At the beginning of the SBR operation, the effluent ammonium and nitrate 
concentrations gradually decreased over time, reaching the TN removal efficiency of over 85%, 
which was calculated as the percentage of TN (including nitrite, nitrate, and ammonium) removed 
from the system. In response to the enhanced TN removal activity, the influent nitrate and 
ammonium concentrations were stepwise increased. At each elevation of ammonium and nitrate 
concentrations in the influent, both effluent concentrations increased firstly and then decreased 
quickly due to the activity improvement (Figures 4.3.A and 4.3.B). The model captured all these 
trends well. The good agreement between model simulations and measured data in Figures 4.3.A 
and 4.3.B supports the capability of the developed model in describing the nitrogen conversion 
profiles between DAMO and Anammox microorganisms. Nitrite as the intermediate was measured 
to be very low (below 0.05 mg N L-1) during the operation period, which was also well predicted by 
the model (data not shown). 
 
The measured removal rates of ammonium and nitrate by the MBfR during the entire course of the 
SBR operation are shown in Figure 4.3.C, together with the model predictions. With the increasing 
microbial activity and system performance, the removal rates of ammonium and nitrate gradually 
increased from the initial 15 and 29 mg N L-1 d-1 to the final 60 and 190 mg N L-1 d-1, respectively. 
These experimentally obtained TN removal rates in this proof-of-concept work are still lower than 
the literature reported TN removal rates of well-established Anammox systems (Guo et al. 2013, 
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Lotti et al. 2014, van der Star et al. 2007). Nevertheless, the feasibility of coupling DAMO and 
Anammox microorganisms in the MBfR for nitrogen removal has been demonstrated successfully. 
The reaction rates could be improved through future operational optimization. The model 
predictions matched the experimental results well (Figure 4.3.C), again supporting the validity of 
the developed model. In addition, the model predicted active biomass fractions of DAMO archaea, 
DAMO bacteria, and Anammox bacteria in the biofilm at the end of the SBR operation of the 
MBfR were about 40%, 25%, and 35%, which were comparable with the FISH results by Shi et al. 
(2013). Quantitative FISH revealed that each of these groups represented about 20 − 30% of the 
whole microbial community at the end of the SBR operation in the MBfR. 
 
Figure 4.3. Model calibration results based on the data from the long-term SBR operation of the 
MBfR (influent data, dashed line; measured effluent data, symbols; model effluent predictions, 
straight line). (A) NH4
+ profiles; (B) NO3
- profiles; and (C) dynamic removal rates of NH4
+ and 
NO3
-. Shadow region on the left indicates Batch Test A period, and shadow region on the right 
indicates Batch Test B period. 
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Parameter values (𝑌𝐷𝑎, 𝑌𝐷𝑏, 𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , and 𝐾𝑁𝑂2
𝐷𝑏 ) giving the optimal model fits with the 
experimental data are listed in Table 4.2. 𝑌𝐷𝑎 (0.071 g COD g
-1 COD) and 𝑌𝐷𝑏 (0.055 g COD g
-1 
COD) are of the same order of magnitude, indicating a very low biomass yield for the growth of 
DAMO microorganisms. 𝜇𝐷𝑎 (0.00151 h
-1, resulting in the doubling time of 19 d) is also 
commensurate with 𝜇𝐷𝑏 (0.0018 h
-1, resulting in the doubling time of 16 d), while both are much 
smaller than 𝜇𝐴𝑛 (0.003 h
-1, resulting in the doubling time of 10 d), suggesting the even slower 
growth rate and longer doubling time for DAMO archaea and DAMO bacteria compared with those 
for Anammox bacteria. In particular, the parameter value of 𝜇𝐷𝑏 obtained in this chapter is 
consistent with that reported by He et al. (2013). These results suggest that the slowly growing 
DAMO microorganisms should grow in granules or biofilms in real applications. Granules or 
biofilms consist of aggregation of cells and abiotic particulates within organic polymeric matrices 
of microbial origin, which would achieve higher cell density in the system. The estimated values of 
𝐾𝑁𝑂3
𝐷𝑎  and 𝐾𝑁𝑂2
𝐷𝑏  represent the affinity of DAMO archaea and DAMO bacteria to nitrate and nitrite, 
respectively, with lower values indicating higher affinity. The value of 𝐾𝑁𝑂3
𝐷𝑎  was calibrated to be 
0.11 g N m-3. The difference between 𝐾𝑁𝑂2
𝐷𝑏  (0.01 g N m-3) and 𝐾𝑁𝑂2
𝐴𝑛  (0.05 g N m-3) reflects a 
relatively higher affinity of DAMO bacteria to compete against Anammox bacteria over nitrite to 
achieve the ultimate N2 production under the condition of low nitrite accumulation. 
 
Figure 4.4. 95% confidence regions for the parameter combinations among the key model 
parameters in the model with the best fits in the centre, as well as their standard errors: (A) 𝜇𝐷𝑎 vs. 
𝐾𝑁𝑂3
𝐷𝑎 ; (B) 𝜇𝐷𝑏 vs. 𝐾𝑁𝑂2
𝐷𝑏 ; (C) 𝑌𝐷𝑎 vs. 𝜇𝐷𝑎; (D) 𝑌𝐷𝑏 vs. 𝜇𝐷𝑏. 
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4.3.2 Parameter identifiability 
Parameter uncertainty analysis of a model structure is important as it indicates which parameter 
combinations can be estimated under given measurement accuracy and quantity. The obtained 
parameter correlation matrix during model calibration indicated most of the parameter combinations 
have low correlation coefficients (<0.8), except for four of them with correlation coefficients 
greater than 0.8. Thus, these four parameter combinations were further analysed to evaluate the 
uncertainty associated with their estimates. In the uncertainty analysis, 95% confidence regions for 
the different parameter combinations were investigated to evaluate their identifiability. Figure 4.4 
shows all the four joint 95% confidence regions for different parameter combinations, together with 
the confidence intervals for all the parameters. Overall, the 95% confidence regions for all the four 
pairs are small, with mean values lying at the centre. The 95% confidence intervals for all the 
individual parameters are also small, which are generally within 10% of the estimated values 
(Figure 4.4). These indicate that these parameters have a good level of identifiability and the 
estimated values are reliable. 
 
4.3.3 Model validation 
Model and parameters validation was based on the comparison between the model predictions using 
the calibrated parameter values and independent experimental data collected from both Batch Tests 
A and B under different initial conditions (not used for model calibration). 
 
The model and its parameters were firstly evaluated with the 30 hours data from Batch Test A. 
Different from the data for calibration, experimental data for validation were obtained in the 
enclosed MBfR with methane and nitrogen gas measured likewise. Having experimental 
measurements of methane and nitrogen gas profiles in this batch experiment allows to test directly 
the model’s ability to represent methane consumption and nitrogen conversion by DAMO 
microorganisms. The model predictions and the experimental results for Batch Test A are shown in 
Figure 4.5.A. The validation results show that the model predictions match the measured data in 
terms of methane consumption, ammonium utilization, nitrate reduction, nitrite profile, and nitrogen 
gas production, which supports the validity of the developed model. 
  
The experimental data from Batch Test B were also used to further validate the developed model. 
The initial conditions for this experiment were substantially different from those in Batch Test A. 
Also, the initial microbial activities of Batch Test B were much higher than Batch Test A. The 
experimental and simulated results of the methane, ammonium, nitrate, nitrite, and nitrogen gas 
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profiles are shown in Figure 4.5.B. The good agreement between simulations and the measured 
results again supports the validity of the proposed model to describe the methane consumption and 
nitrogen conversion in the MBfR with the coexistence of DAMO archaea, DAMO bacteria, and 
Anammox bacteria. 
 
Figure 4.5. Model validation results using experimental data (methane, ammonium, nitrate, nitrite, 
and nitrogen gas) from the two independent batch tests (measured data, symbols; model predictions, 
straight line). (A) Batch Test A; and (B) Batch Test B. 
 
4.4 Discussion 
In this chapter, an integrated biofilm model considering the coculture of DAMO and Anammox 
microorganisms in an MBfR was constructed for the first time based on the known metabolisms of 
DAMO and Anammox microorganisms. Two stoichiometric parameters (𝑌𝐷𝑎 and 𝑌𝐷𝑏) and four 
kinetic parameters (𝜇𝐷𝑎, 𝜇𝐷𝑏, 𝐾𝑁𝑂3
𝐷𝑎 , and 𝐾𝑁𝑂2
𝐷𝑏 ) describing DAMO microorganisms were estimated 
using the long-term (over 400 days) experimental data. The parameter values obtained were 
generally robust in their ability to predict ammonium and nitrate dynamics in the long-term 
operation of the MBfR and the retrieved parameters appear realistic. The uncertainty analysis 
confirmed that these parameters were reliably estimated. However, the kinetic parameter values 
might be environment-specific (Henze et al. 2000), and their applicability to other systems remains 
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to be further verified. The validity and applicability of this developed model was confirmed by the 
independent batch experimental data with the biofilm coculture of DAMO and Anammox 
microorganisms. The successful application of the model to the MBfR system in this chapter 
indicates that the model is applicable to the biofilm system coupling DAMO and Anammox. In 
addition, the model can be integrated with other wastewater treatment models such as the well-
accepted activated sludge models (e.g., ASM1) and the anaerobic digestion model (ADM) (Nopens 
et al. 2009). The integrated model can be used to describe plant-wide performance rather than parts 
of the plant. In fact, the model was developed by employing kinetic approaches and nomenclature 
similar to the ASM-type models, which makes the integration a relatively straightforward process. 
 
It should be noted that the potential existence of heterotrophic bacteria was not considered in the 
current model. This is acceptable due to the fact that the MBfR was operated under the condition 
without external organic carbon supply, which largely limited the growth of heterotrophs. 
Heterotrophs may also grow using biomass decay products or soluble microbial products. The FISH 
results reported in Shi et al. (2013) for the MBfR confirmed that heterotrophic growth on these 
sources was small (~10%) compared to the dominating DAMO and Anammox microorganisms 
(~90%). However, the heterotrophic processes could be easily incorporated into the model, if 
heterotrophic activity would be included in the system. Also, the inhibition of nitrite or FA on 
microorganisms was not included in the developed model due to the extremely low nitrite 
accumulation (lower than 0.05 mg N L-1) and very low FA level (0.25-0.90 mg N L-1) observed 
during the MBfR operation. Lotti et al. (2012) reported nitrite inhibition on the Anammox process 
at a high nitrite level, which confirmed the negligible effect of nitrite inhibition in this work. 
However, the developed model can be modified to include these inhibitory effects if necessary in 
future applications. For example, FA and nitrite have been reported to be the two main inhibitors 
for Anammox (Jin et al. 2012), which could be included in the kinetic rate expression of the 
Anammox process (Process 5 in Table 4.1) by incorporating the corresponding inhibitory terms for 
FA and/or nitrite. Additionally, the methane affinity constants for DAMO microorganisms (𝐾𝐶𝐻4
𝐷𝑎  
and 𝐾𝐶𝐻4
𝐷𝑏 ) were not calibrated in this chapter due to the excessive methane supply during the MBfR 
operation, although the adopted values from literature were able to describe the experimental data 
well. These values may warrant further evaluation. 
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Chapter 5 – Investigation of complete nitrogen removal by coupling 
partial nitritation-Anammox-DAMO 
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Abstract 
This chapter investigated the mechanisms and operational window for complete/high-level nitrogen 
removal by coupling PN-Anammox-DAMO in MBfR-based systems from the modeling 
perspective. The mathematical model developed in Chapter 4 was extended to describe the 
practically applied nitrite-feeding MBfR and then applied to describe the microbial interactions 
between Anammox bacteria, DAMO archaea, and DAMO bacteria. The model sufficiently 
described the batch experimental data from an MBfR containing an Anammox-DAMO biofilm with 
different feeding nitrogen compositions, which confirmed the validity of the model. The effects of 
process parameters on the system performance and microbial community structure could therefore 
be reliably evaluated. The impacts of partial nitritation produced NO2
-/NH4
+ ratio, methane supply, 
biofilm thickness, and TN surface loading on the MBfR performing Anammox and DAMO were 
comprehensively investigated with the model. Results showed that the optimum NO2
-/NH4
+ ratio 
produced from partial nitritation for the Anammox-DAMO biofilm system was around 1.0 in order 
to achieve the maximum TN removal (over 99.0%), independent on TN surface loading. The 
corresponding optimal methane supply increased while the associated methane utilization efficiency 
decreased with the increase of TN surface loading. The cooperation between DAMO 
microorganisms and Anammox bacteria played the key role in the TN removal. Based on these 
results, the proof-of-concept feasibility of a single-stage MBfR coupling PN-Anammox-DAMO for 
complete nitrogen removal was also tested through integrating the model with AOB and NOB 
processes whilst controlling the DO concentration in the simulated system. The maximum TN 
removal was found to be achieved at the bulk DO concentration of around 0.17 g m-3 under the 
simulation conditions, with the AOB, Anammox bacteria, and DAMO microorganisms coexisting 
in the biofilm. 
 
5.1 Introduction 
5.1.1 Research gaps 
Although regarded as one of the most efficient ways for autotrophic nitrogen removal, the 
combined PN-Anammox process not only fails to remove nitrate present in the wastewater but also 
produces nitrate itself (Eq. 5). Thus, high-level nitrogen removal may not be achieved although the 
produced nitrate load would be relatively small compared to the overall nitrogen load to the plant. 
The discovery of DAMO processes provides a potential solution to this problem. Previous work has 
proposed that the DAMO processes could be potentially coupled to the previous PN-Anammox to 
form a new nitrogen removal process (Shi et al. 2013). The partial nitritation would produce a 
mixture of ammonium and nitrite as the feed for the Anammox reactor. A small fraction of methane 
produced through anaerobic digestion in the treatment plant could be fed to the Anammox reactor to 
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support the growth of DAMO microorganisms, thus achieving the removal of nitrate produced by 
Anammox. The MBfR with controlled redox stratification in the biofilm has been considered 
particularly suitable for sustaining or supporting sufficient Anammox and DAMO biomass 
considering their slow growth kinetics. Therefore, the treatment option for complete nitrogen 
removal could be the partial nitritation followed by the MBfR containing Anammox and DAMO. 
The partial nitritation process would produce a mixture of ammonium and nitrite as the feed for the 
MBfR with methane fed from inside of membranes. 
 
Successful implementation of the new coupled PN-Anammox-DAMO process thus relies on the 
definition of operational conditions that enable effective enrichment of an Anammox and DAMO 
dominated biofilm with a suitable NO2
-/NH4
+ ratio produced from partial nitritation. The major 
challenges in selecting the desired microbial community in the biofilm are related to the multiple 
competitions between DAMO bacteria and DAMO archaea for methane (Chen et al. 2014), and 
between Anammox bacteria and DAMO bacteria for nitrite (Zhu et al. 2011, Zhu et al. 2010). These 
microbial competitions are directly regulated by the operational conditions imposed on the biofilm 
system. However, the effects of operational conditions (e.g., NO2
-/NH4
+ ratio, CH4 surface loading, 
TN loading, and biofilm thickness) on such an Anammox-DAMO biofilm system are not clear and 
haven’t been studied systematically. Moreover, till now, no research has touched on a single-stage 
MBfR coupling PN-Anammox-DAMO for complete/high-level nitrogen removal. 
 
5.1.2 Research objective 
The objective of this chapter is to assess the complete nitrogen removal through coupling PN-
Anammox-DAMO, with focus on the development of microbial community consisting of 
Anammox bacteria, DAMO archaea, and DAMO bacteria in the MBfR as well as the associated 
system performance under different operational conditions. To this end, the mathematical model 
developed in Chapter 4 was further extended with nitrite inhibition terms to describe the practically 
applied nitrite-feeding MBfR. The validity of the extended model in describing the MBfR system 
with the presence of nitrite and hence possible nitrite inhibition was evaluated by using batch 
experimental data from a lab-scale MBfR system containing an Anammox-DAMO biofilm with 
different feeding nitrogen compositions. Through changing one parameter whilst keeping others 
fixed in the model, the separate effects of partial nitritation produced NO2
-/NH4
+ ratio, methane 
supply, and biofilm thickness were investigated using the evaluated model. The combined effects of 
partial nitritation produced NO2
-/NH4
+ ratio, methane supply, and TN surface loading on the system 
performance and microbial community structure were then studied with the model. Finally, the 
proof-of-concept feasibility of a single-stage MBfR coupling PN-Anammox-DAMO for 
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complete/high-level nitrogen removal was tested through integrating the model with AOB and NOB 
processes whilst controlling the DO concentration in the simulated system. 
 
5.2 Materials and Methods 
5.2.1 Model description 
The DAMO (bacteria and archaea) kinetics obtained in Chapter 4 was integrated with the 
previously well-established kinetics of AOB, NOB, and/or Anammox bacteria (Ni and Yuan 2013, 
Terada et al. 2007) to form the biochemical reaction model applicable to describing the Anammox-
DAMO MBfR as well as the single-stage MBfR coupling PN-Anammox-DAMO, both of which 
will be investigated in this chapter. The potential existence of heterotrophic bacteria is not 
considered in the model due to the fact that the MBfR was simulated under the condition without 
external organic carbon supply, which largely limited the growth of heterotrophs. This model 
contains terms describing the bioconversion of ammonium, nitrate, and nitrite between AOB, NOB, 
Anammox bacteria, DAMO archaea, and DAMO bacteria. Specifically, the model describes the 
relationships among the six particulate species, namely AOB (XAOB), NOB (XNOB), DAMO archaea 
(XDa), DAMO bacteria (XDb), Anammox bacteria (XAn), and inert biomass (XI), and six soluble 
species, namely ammonium (SNH4), nitrite (SNO2), nitrate (SNO3), dinitrogen (SN2), methane (SCH4), 
and oxygen (SO2). Both growth and endogenous respiration processes for all the microorganisms are 
included in the model. The inhibitions of nitrite and oxygen on the Anammox (Lotti et al. 2012, 
Terada et al. 2007) and DAMO microorganisms (He et al. 2013, Lopes et al. 2011) are also 
considered through incorporating substrate inhibition kinetics into the corresponding kinetic rate 
expressions. The kinetics and stoichiometry of the biochemical reaction model are summarized in 
Tables 5.1 and 5.2. Table 5.3 shows the definitions, values, units, and sources of all parameters used 
in the model. The setup of the biofilm model (including mass transfer) and the simulated MBfR is 
the same as Chapter 4. 
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Table 5.1. Process kinetic rate equations for the biological reaction model in Chapter 5 
Process Kinetics rates expressions 
AOB 
1. Growth of AOB 
𝜇𝐴𝑂𝐵
𝑆𝑁𝐻4
𝑆𝑁𝐻4 + 𝐾𝑁𝐻4
𝐴𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑂𝐵 𝑋𝐴𝑂𝐵 
2. Aerobic endogenous 
respiration of AOB 
𝑏𝐴𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑂𝐵 𝑋𝐴𝑂𝐵 
3. Anoxic endogenous 
respiration of AOB 
𝜂𝐴𝑂𝐵𝑏𝐴𝑂𝐵
𝐾𝑂2
𝐴𝑂𝐵
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑂𝐵
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐴𝑂𝐵 𝑋𝐴𝑂𝐵 
NOB 
4. Growth of NOB 
𝜇𝑁𝑂𝐵
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝑁𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝑁𝑂𝐵 𝑋𝑁𝑂𝐵 
5. Aerobic endogenous 
respiration of NOB 
𝑏𝑁𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝑁𝑂𝐵 𝑋𝑁𝑂𝐵 
6. Anoxic endogenous 
respiration of NOB 
𝜂𝑁𝑂𝐵𝑏𝑁𝑂𝐵
𝐾𝑂2
𝑁𝑂𝐵
𝑆𝑂2 + 𝐾𝑂2
𝑁𝑂𝐵
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝑁𝑂𝐵 𝑋𝑁𝑂𝐵 
DAMO archaea 
7. Growth of DAMO archaea 
𝜇𝐷𝑎
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑎
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑎
𝐾𝑂2
𝐷𝑎
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑎
𝐾𝐼,𝑁𝑂2
𝐷𝑎
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐷𝑎 𝑋𝐷𝑎 
8. Aerobic endogenous 
respiration of DAMO archaea 
𝑏𝐷𝑎
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑎 𝑋𝐷𝑎 
9. Anoxic endogenous 
respiration of DAMO archaea 
𝜂𝐷𝑎𝑏𝐷𝑎
𝐾𝑂2
𝐷𝑎
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑎
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑎 𝑋𝐷𝑎 
DAMO bacteria 
10. Growth of DAMO bacteria 
𝜇𝐷𝑏
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐷𝑏
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑏
𝐾𝑂2
𝐷𝑏
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑏
𝐾𝐼,𝑁𝑂2
𝐷𝑏
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐷𝑏 𝑋𝐷𝑏 
11. Aerobic endogenous 
respiration of DAMO bacteria 
𝑏𝐷𝑏
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑏 𝑋𝐷𝑏 
12. Anoxic endogenous 
respiration of DAMO bacteria 
𝜂𝐷𝑏𝑏𝐷𝑏
𝐾𝑂2
𝐷𝑏
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑏
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑏 𝑋𝐷𝑏 
Anammox bacteria 
13. Growth of Anammox 
𝜇𝐴𝑛
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐴𝑛
𝑆𝑁𝐻4
𝑆𝑁𝐻4 + 𝐾𝑁𝐻4
𝐴𝑛
𝐾𝑂2
𝐴𝑛
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑛
𝐾𝐼,𝑁𝑂2
𝐴𝑛
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐴𝑛 𝑋𝐴𝑛 
14. Aerobic endogenous 
respiration of Anammox 
𝑏𝐴𝑛
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑛 𝑋𝐴𝑛 
15. Anoxic endogenous 
respiration of Anammox 
𝜂𝐴𝑛𝑏𝐴𝑛
𝐾𝑂2
𝐴𝑛
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑛
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐴𝑛 𝑋𝐴𝑛 
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Table 5.2. Stoichiometric matrix for the biological reaction model in Chapter 5 
Variable 
Process 
SNH4 
N 
SNO2 
N 
SNO3 
N 
SN2 
N 
SCH4 
COD 
SO2 
O2 
XAOB 
COD 
XNOB 
COD 
XDa 
COD 
XDb 
COD 
XAn 
COD 
XI 
COD 
AOB 
1 −𝑖𝑁𝐵𝑀 −
1
𝑌𝐴𝑂𝐵
 
1
𝑌𝐴𝑂𝐵
    −
3.43 − 𝑌𝐴𝑂𝐵
𝑌𝐴𝑂𝐵
 1      
2 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼     −(1 − 𝑓𝐼) −1     𝑓𝐼 
3 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼  −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
   −1     𝑓𝐼 
NOB 
4 −𝑖𝑁𝐵𝑀  −
1
𝑌𝑁𝑂𝐵
 
1
𝑌𝑁𝑂𝐵
   −
1.14 − 𝑌𝑁𝑂𝐵
𝑌𝑁𝑂𝐵
  1     
5 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼     −(1 − 𝑓𝐼)  −1    𝑓𝐼 
6 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼  −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
    −1    𝑓𝐼 
DAMO archaea 
7 −𝑖𝑁𝐵𝑀  
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
 −
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
  −
1
𝑌𝐷𝑎
    1    
8 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼     −(1 − 𝑓𝐼)   −1   𝑓𝐼 
9 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼  −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
     −1   𝑓𝐼 
DAMO bacteria 
10 −𝑖𝑁𝐵𝑀  −
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
  
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
 −
1
𝑌𝐷𝑏
     1   
11 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼     −(1 − 𝑓𝐼)    −1  𝑓𝐼 
12 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼  −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
      −1  𝑓𝐼 
Anammox bacteria 
13 −𝑖𝑁𝐵𝑀 −
1
𝑌𝐴𝑛
 −
1
𝑌𝐴𝑛
−
1
1.14
 
1
1.14
 
2
𝑌𝐴𝑛
       1  
14 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼     −(1 − 𝑓𝐼)     −1 𝑓𝐼 
15 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼  −
1 − 𝑓𝐼
2.86
 
1 − 𝑓𝐼
2.86
       −1 𝑓𝐼 
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Table 5.3. Stoichiometric and kinetic parameters of the developed model in Chapter 5 
Parameter Definition Value Unit Source 
Stoichiometric parameters 
𝑌𝐴𝑂𝐵 Yield coefficient for AOB 0.150 g COD g
-1 N (Wiesmann 1994) 
𝑌𝑁𝑂𝐵 Yield coefficient for NOB 0.041 g COD g
-1 N (Wiesmann 1994) 
𝑌𝐷𝑎 Yield coefficient for DAMO archaea 0.071 g COD g
-1 COD Chapter 4 
𝑌𝐷𝑏 Yield coefficient for DAMO bacteria 0.055 g COD g
-1 COD Chapter 4 
𝑌𝐴𝑛 Yield coefficient for Anammox 0.159 g COD g
-1 N (Strous et al. 1998) 
𝑖𝑁𝐵𝑀 Nitrogen content of biomass 0.07 g N g
-1 COD (Henze et al. 2000) 
𝑖𝑁𝑋𝐼 Nitrogen content of XI 0.02 g N g
-1 COD (Henze et al. 2000) 
𝑓𝐼 Fraction of XI in biomass decay 0.10 g COD g
-1 COD (Henze et al. 2000) 
AOB 
𝜇𝐴𝑂𝐵 Maximum growth rate of AOB 0.0854 h
-1  (Wiesmann 1994) 
𝑏𝐴𝑂𝐵  Aerobic endogenous respiration rate 0.0054 h
-1  (Wiesmann 1994) 
𝐾𝑁𝐻4
𝐴𝑂𝐵 𝑆𝑁𝐻4 affinity constant for AOB 2.4 g N m
-3 (Wiesmann 1994) 
𝐾𝑂2
𝐴𝑂𝐵 𝑆𝑂2 affinity constant for AOB 0.6 g COD m
-3 (Wiesmann 1994) 
𝐾𝑁𝑂3
𝐴𝑂𝐵  𝑆𝑁𝑂3 affinity constant for AOB 0.5 g N m
-3 (Terada et al. 2007) 
𝜂𝐴𝑂𝐵  Anoxic reduction factor for AOB 0.5 - (Koch et al. 2000) 
NOB 
𝜇𝑁𝑂𝐵  Maximum growth rate of NOB 0.0604 h
-1 (Wiesmann 1994) 
𝑏𝑁𝑂𝐵 Aerobic endogenous respiration rate 0.0025 h
-1  (Wiesmann 1994) 
𝐾𝑁𝑂2
𝑁𝑂𝐵  𝑆𝑁𝑂2 affinity constant for NOB 5.5 g N m
-3 (Wiesmann 1994) 
𝐾𝑂2
𝑁𝑂𝐵  𝑆𝑂2 affinity constant for NOB 2.2 g COD m
-3 (Wiesmann 1994) 
𝐾𝑁𝑂3
𝑁𝑂𝐵  𝑆𝑁𝑂3 affinity constant for NOB 0.5 g N m
-3 (Terada et al. 2007) 
𝜂𝑁𝑂𝐵  Anoxic reduction factor for NOB 0.5 - (Koch et al. 2000) 
DAMO archaea 
𝜇𝐷𝑎 Maximum growth rate of DAMO archaea 0.00151 h
-1  Chapter 4 
𝑏𝐷𝑎 Endogenous respiration rate 0.00018 h
-1  Chapter 4 
𝐾𝑁𝑂3
𝐷𝑎  𝑆𝑁𝑂3 affinity constant for DAMO archaea 0.11 g N m
-3 Chapter 4 
𝐾𝐶𝐻4
𝐷𝑎  𝑆𝐶𝐻4 affinity constant for DAMO archaea 5.888 g COD m
-3 Chapter 4 
𝐾𝑂2
𝐷𝑎 𝑆𝑂2 inhibition constant for DAMO archaea 0.64 g COD m
-3 (Lopes et al. 2011) 
𝐾𝐼,𝑁𝑂2
𝐷𝑎  𝑆𝑁𝑂2 inhibition constant for DAMO 
archaea 
57.4 g N m-3 (He et al. 2013) 
𝜂𝐷𝑎  Anoxic reduction factor for DAMO 
archaea 
0.5 - Adapted from 
(Henze et al. 2000) 
DAMO bacteria 
𝜇𝐷𝑏 Maximum growth rate of DAMO bacteria 0.0018 h
-1  Chapter 4 
𝑏𝐷𝑏 Endogenous respiration rate 0.00018  h
-1  Chapter 4 
𝐾𝑁𝑂2
𝐷𝑏  𝑆𝑁𝑂2 affinity constant for DAMO bacteria 0.01 g N m
-3 Chapter 4 
𝐾𝐶𝐻4
𝐷𝑏  𝑆𝐶𝐻4 affinity constant for DAMO bacteria 5.888 g COD m
-3 Chapter 4 
𝐾𝑂2
𝐷𝑏 𝑆𝑂2 inhibition constant for DAMO bacteria 0.64 g COD m
-3 (Lopes et al. 2011) 
𝐾𝐼,𝑁𝑂2
𝐷𝑏  𝑆𝑁𝑂2 inhibition constant for DAMO 
bacteria 
57.4 g N m-3 (He et al. 2013) 
𝐾𝑁𝑂3
𝐷𝑏  𝑆𝑁𝑂3 affinity constant for DAMO bacteria 0.5 g N m
-3 Adapted from 
(Henze et al. 2000) 
𝜂𝐷𝑏 Anoxic reduction factor for DAMO 
bacteria 
0.5 - Adapted from 
(Henze et al. 2000) 
Anammox bacteria 
𝜇𝐴𝑛 Maximum growth rate of Anammox 0.003  h
-1  (Koch et al. 2000) 
𝑏𝐴𝑛 Aerobic endogenous respiration rate 0.00013  h
-1  (Hao et al. 2002) 
𝐾𝑁𝑂2
𝐴𝑛  𝑆𝑁𝑂2 affinity constant for Anammox 0.05 g N m
-3 (Hao et al. 2002) 
𝐾𝑁𝐻4
𝐴𝑛  𝑆𝑁𝐻4 affinity constant for Anammox 0.07 g N m
-3 (Strous et al. 1998) 
𝐾𝑂2
𝐴𝑛 𝑆𝑂2 inhibition constant for Anammox 0.01 g COD m
-3 (Strous et al. 1998) 
𝐾𝐼,𝑁𝑂2
𝐴𝑛  𝑆𝑁𝑂2 inhibition constant for Anammox 400 g N m
-3 (Lotti et al. 2012) 
𝐾𝑁𝑂3
𝐴𝑛  𝑆𝑁𝑂3 affinity constant for Anammox 0.5 g N m
-3 (Terada et al. 2007) 
𝜂𝐴𝑛 Anoxic reduction factor for Anammox 0.5 - (Koch et al. 2000) 
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5.2.2 Batch experimental data for model evaluation  
The model has been tested in Chapter 4 using the long-term (over 400 days) dynamic experimental 
data from the MBfR fed with nitrate and ammonium as substrates (without detectable nitrite 
accumulation in the system). In this chapter, the capability of the model extended with the nitrite 
inhibition terms to describe the system under different feeding conditions, particularly with the 
presence of nitrite, was further tested. The model was evaluated using six sets of batch experimental 
data (i.e., Batch Tests A, B, C, D, E, and F) from the MBfR system developed in Chapter 4 with the 
Anammox-DAMO biofilm. The six batch tests were conducted serially under different initial 
nitrogen conditions, with Batch Tests A-D varying NO2
- and NH4
+ levels while Batch Tests E-F 
changing NO3
- and NH4
+ concentrations. At the start of each test, fresh medium was fed into the 
reactor. Concentrated stock solutions were then added, giving rise to an initial ammonium, nitrate 
and/or nitrite concentration between 30-200 mg N L-1. Methane was supplied through the hollow 
fibres in all tests by maintaining a pressure of 1.3 atm. During each test, liquid samples were taken 
to determine the consumption rates of the added nitrogen substrates. The initial microbial 
conditions in the MBfR biofilm for model evaluation were set according to the FISH results of the 
microbial community in the biofilm. The experimental nitrogen consumption profiles in each test 
were compared with the model predictions using the model parameter values listed in Table 5.3 
(without further calibration) to verify the applicability of the extended model for describing the 
Anammox-DAMO biofilm system under different feeding conditions. 
 
5.2.3 Simulation strategies 
Steady-state model simulations were then performed under different operational conditions to 
evaluate the implementation of the partial nitritation followed by the Anammox-DAMO biofilm 
system (i.e., MBfR). The effect/control of the partial nitritation was investigated through changing 
the feeding nitrogen composition to the MBfR in terms of NO2
-/NH4
+ ratio produced from the 
preceding partial nitritation. Simulations were run to reach steady-state conditions indicated by 
constant (less than 0.05% change in 200 days) effluent concentrations and biomass compositions in 
biofilm and biofilm thickness. Six different scenarios are considered in this chapter, as shown in 
Table 5.4.  
 
The first simulation scenario (Scenario 0 of Table 5.4) was performed under conditions of an 
influent TN concentration of 500 g m-3 and a partial nitritation produced NO2
-/NH4
+ ratio of 1.32 
which is generally applied for the Anammox process (Khin and Annachhatre 2004). The applied 
TN surface loading (LTN), methane surface loading (LCH4), and biofilm thickness (Lf) were 0.68 g N 
m-2 d-1, 0.062 g m-2 d-1, and 1000 µm, respectively. The depth profiles of substrates and microbial 
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community distribution in the MBfR biofilm were generated to provide insights into the 
mechanisms behind the process performance. 
 
Table 5.4. An overview of the simulation strategies for the reported results in Chapter 5 
Simulation Strategies Simulation Conditions Variable Conditions 
Scenario 0 
Standard simulation of the 
Anammox-DAMO biofilm 
system 
 
LTN = 0.68 g N m
-2 d-1 
NO2
-/NH4
+ = 1.32 
LCH4 = 0.062 g m
-2 d-1 
Lf = 1000 µm 
 
Scenario 1 
Effect of NO2
-/NH4
+ ratio on the 
Anammox-DAMO biofilm 
system 
 
LTN = 0.68 g N m
-2 d-1 
LCH4 = 0.062 g m
-2 d-1 
Lf = 1000 µm 
 
NO2
-/NH4
+ = 0.25 – 4.0 
Scenario 2 
Effect of the applied LCH4 on the 
Anammox-DAMO biofilm 
system 
 
LTN = 0.68 g N m
-2 d-1 
NO2
-/NH4
+ = 1.32 
Lf = 1000 µm 
 
LCH4 = 0.016 – 0.250 g m-2 d-1 
Scenario 3 
Effect of the applied Lf on the 
Anammox-DAMO biofilm 
system 
 
LTN = 0.68 g N m
-2 d-1 
NO2
-/NH4
+ = 1.32 
LCH4 = 0.062 g m
-2 d-1 
 
Lf = 200 – 1400 µm 
Scenario 4 
Combined effect of NO2
-/NH4
+ 
ratio and LCH4 on the Anammox-
DAMO biofilm system under 
different LTN conditions 
 
Lf = 1000 µm 
 
LTN = 0.41 – 0.95 g N m-2 d-1 
NO2
-/NH4
+ = 0 – 4.0 
LCH4 = 0 – 0.25 g m-2 d-1 
(630 simulation runs) 
Scenario 5 
Test the feasibility of one single-
stage MBfR coupling PN-
Anammox-DAMO at different 
bulk liquid DO levels 
 
LTN = 0.41 g N m
-2 d-1 
LCH4 = 0.009 g m
-2 d-1 
Lf = 1000 µm 
 
SO2 = 0.04 – 0.40 g m-3 
 
Scenarios 1-4 in Table 5.4 were performed to investigate the effects of partial nitritation produced 
NO2
-/NH4
+ ratio, LCH4, Lf, and LTN, respectively, on the TN removal efficiency and microbial 
community structure of the MBfR biofilm at steady state, with the variations of operational 
parameter(s) in each scenario also described in the table. The parameter combinations were chosen 
systematically over wide ranges of NO2
-/NH4
+ ratio (0 – 4), LCH4 (0 – 0.250 g m-2 d-1), Lf (200 – 
1400 µm), and LTN (0.41 – 0.95 g N m-2 d-1).  
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Finally, the proof-of-concept feasibility of a single-stage MBfR coupling PN-Anammox-DAMO in 
one biofilm system for efficient nitrogen removal was tested through controlling the DO 
concentration of the system in the model. The obtained optimal LCH4, LTN, and Lf conditions based 
on Scenarios 1-4 were applied to this single-stage MBfR, with a feed wastewater containing 
ammonium only. The effect of the DO concentration in the bulk liquid phase of the MBfR on the 
microbial interactions between AOB, NOB, Anammox bacteria, DAMO archaea, and DAMO 
bacteria in the biofilm was then analysed. 
 
For each simulation scenario, the initial concentrations of all soluble components were assumed to 
be zero in the biofilm and in the bulk liquid, and the initial concentrations of all solid components 
500 g COD m-3 in the biofilm matrix. An average biofilm thickness was applied in the model 
without consideration of its variation with locations. The initial conditions for all simulations 
assumed a biofilm thickness of 100 µm. Simulations were typically run for up to 1000 days in order 
to reach steady-state conditions in terms of effluent concentrations, biomass compositions in 
biofilm, and biofilm thickness. 
 
5.3 Results and Discussion 
5.3.1 Model evaluation with experimental data  
Model and parameters evaluation was based on the comparison between the model predictions 
using the parameter values in Table 5.3 and the six sets of independent experimental data collected 
from Batch Tests A-F under different initial wastewater conditions using the MBfR system 
containing an Anammox-DAMO biofilm. 
 
The model evaluation results of the six different batch experiments are shown in Figure 5.1, as well 
as the concentrations measured in the experimental MBfR. Conversion rates measured in the 
experiments were compared to the ammonium and nitrite consumption (Figures 5.1.A-5.1.D) and to 
the ammonium and nitrate utilization (Figures 5.1.E and 5.1.F) rates obtained from the model. The 
nitrogen conversion rates resulting from the extended model in the six batch tests did not differ with 
more than 10% from the values found in the experiments (Figure 5.1). The good agreement between 
simulations and the measured results in this work supported the validity of the extended model 
structure and parameters (especially the newly-added nitrite inhibition terms for Anammox and 
DAMO microorganisms) to describe the nitrogen conversion processes in the MBfR with the 
coexistence of DAMO archaea, DAMO bacteria, and Anammox bacteria in the biofilm, which also 
confirmed that the addition of the nitrite inhibition terms would not affect the established 
parameters in Chapter 4. The good model predictions were likely due to the previously well-
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calibrated parameter values of DAMO processes and the well-structured model processes as well as 
the accurate initial conditions used. The model evaluation results in Figure 5.1 also confirmed that 
the model is capable of describing the Anammox-DAMO biofilm systems under different influent 
nitrogen composition conditions. 
 
Figure 5.1. Model evaluation results based on the six batch tests with different substrate 
compositions (experimental data, symbols; model predictions, solid lines): (A)-(D) Batch Tests A-D 
with different initial concentrations of NO2
- and NH4
+ as substrates; and (E)-(F) Batch Tests E-F 
with different initial concentrations of NO3
- and NH4
+ as substrates. 
 
Since the model described all the experimental data satisfactorily, default parameters in Table 5.3 
were thereby considered to be able to describe the complex Anammox-DAMO biofilm systems 
without any further calibration and to be applicable to performing other simulations under different 
operational conditions. A series of simulation scenarios (i.e., Scenarios 0-5 in Table 5.4) concerning 
key operational parameters was therefore carried out through applying the validated model. 
However, model parameters may change across different engineering systems. The sensitivity 
analysis of the model parameters on the system performance showed that the most sensitive 
parameters in the model structure to the TN removal efficiency were the maximum growth rates of 
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Anammox bacteria (𝜇𝐴𝑛), DAMO bacteria (𝜇𝐷𝑏), and yield coefficient for Anammox bacteria (𝑌𝐴𝑛). 
These determinant biokinetic parameters should be accurately determined or calibrated in the future 
applications of the model for different systems. 
 
5.3.2 Microbial community structure and substrate profiles in the Anammox-DAMO biofilm 
The steady-state microbial population distribution and the concentration profiles of NH4
+, NO2
-, 
NO3
-, and CH4 as well as the species-specific nitrogen turnover rates within the Anammox-DAMO 
biofilm in the MBfR under the operational conditions of Scenario 0 (Table 5.4) are shown in Figure 
5.2. The abundance of Anammox bacteria reached up to 77% at the biofilm surface and decreased 
gradually to 24% at the base of biofilm. In contrast, the abundance of DAMO microorganisms was 
around 23% (including 6% for DAMO archaea and 17% for DAMO bacteria) at the biofilm surface 
and increased to 76% (including 30% for DAMO archaea and 46% for DAMO bacteria) at the base 
of biofilm (Figure 5.2.A). The related substrate profiles within the biofilm are shown in Figure 
5.2.B. Both NH4
+ and NO2
- concentrations decreased from the surface to the base of the biofilm. 
However, NO2
- showed a higher decreasing rate due to the NO2
- consumption by both DAMO 
bacteria and Anammox bacteria while ammonium was mainly utilized by Anammox bacteria. 
Nitrate produced by Anammox slightly decreased from the surface to the base of the biofilm due to 
its reduction by DAMO archaea. In contrast, CH4 gradually decreased from the base to the surface 
of the biofilm as the result of the consumption by DAMO microorganisms. 
 
The concentration gradients of methane, ammonium, nitrite, and nitrate resulted in the stratification 
of the Anammox-DAMO biofilm in the MBfR. DAMO archaea and DAMO bacteria attach close to 
the membrane surface (dominant at the biofilm base from 0 μm to 400 μm), where methane, nitrite, 
and nitrate are available with the nitrate produced by Anammox bacteria, while Anammox bacteria 
mainly grow in the biofilm layer close to the bulk liquid (dominant at the outer layer from 400 μm 
to 1000 μm) where ammonium and nitrite are available. The species-specific nitrogen and methane 
conversion rates in Figures 5.2.C and 5.2.D further confirmed the activity stratification in the 
Anammox-DAMO biofilm. Under the given operational conditions (Scenario 0), the steady state 
TN removal efficiency was up to 99.4%. Anammox bacteria, DAMO archaea, and DAMO bacteria 
approximately accounted for around 80%, 6%, and 14% of the total nitrogen turnover, respectively. 
Methane utilization prevailed over the entire biofilm range, with DAMO archaea and DAMO 
bacteria accounting for about 22% and 78% of the methane converted, respectively. Therefore, 
Anammox bacteria are the key contributor to the overall nitrogen turnover, while DAMO archaea 
and DAMO bacteria also play significant roles in achieving complete nitrogen removal in such 
systems.  
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Figure 5.2. Model simulation results of the Anammox-DAMO biofilm system from Scenario 0 in 
Table 5.4 (depth zero represents the membrane surface at the base of the biofilm): (A) Microbial 
population distribution; (B) substrate profiles; (C) species-specific nitrogen conversion rates; and 
(D) species-specific methane conversion rates. The applied TN surface loading (LTN), preceding 
partial nitritation produced NO2
-/NH4
+ ratio, methane surface loading (LCH4), and biofilm thickness 
(Lf) were 0.68 g N m
-2 d-1, 1.32, 0.062 g m-2 d-1, and 1000 µm, respectively. 
 
5.3.3 Key factors affecting the Anammox-DAMO biofilm system 
The impact of the potential NO2
-/NH4
+ ratio produced from partial nitritation on the TN removal 
and the microbial abundance in the following MBfR performing Anammox-DAMO (Scenario 1 in 
Table 5.4) is shown in Figure 5.3.A. The TN removal efficiency was only 21.7% at the partial 
nitritation produced NO2
-/NH4
+ ratio of 0.25, whereas it increased to the maximum of 99.4% at the 
NO2
-/NH4
+ ratio of 1.32. Further increasing the NO2
-/NH4
+ ratio would result in the decrease of the 
TN removal efficiency, reaching 58.8% at the NO2
-/NH4
+ ratio of 4. The variation of TN removal 
performance was mainly due to the changing microbial structure under different NO2
-/NH4
+ ratio 
conditions. As the NO2
-/NH4
+ ratio was below 1.32, the intensive competition between Anammox 
and DAMO bacteria over NO2
- led to DAMO bacteria rather than Anammox bacteria dominating 
the biofilm, as shown in Figure 5.4.A. With the increase of NO2
-/NH4
+ ratio to 1.32, the fraction of 
Anammox bacteria increased while that of DAMO bacteria decreased due to the increasing NO2
- 
availability. In contrast, the fraction of DAMO archaea kept at around 18%. At the NO2
-/NH4
+ ratio 
of 1.32 with the highest TN removal efficiency, Anammox bacteria, and DAMO microorganisms 
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would coexist and indeed jointly dominate the biofilm, with the active biomass fractions of 53%, 
15%, and 32% for Anammox bacteria, DAMO archaea, and DAMO bacteria, respectively. Further 
increase of the NO2
-/NH4
+ ratio would largely decrease the fraction of DAMO archaea and increase 
the fraction of DAMO bacteria due to the competition between DAMO archaea and bacteria for 
methane. These observations demonstrated the significance of the proper operational control over 
the preceding partial nitritation process in order to produce a suitable NO2
-/NH4
+ composition for 
the MBfR with the Anammox-DAMO biofilm to enhance the system performance. 
 
Figure 5.3. Model simulation results of the Anammox-DAMO biofilm system from Scenarios 1-3 
in Table 5.4: (A) Effect of the NO2
-/NH4
+ ratio; (B) Effect of CH4 loading; and (C) Effect of 
biofilm thickness on TN removal efficiency and microbial community structure of the biofilm. 
 
The relationships between the methane surface loading and the system performance as well as the 
microbial structure in the biofilm (Scenario 2 in Table 5.4) are illustrated in Figure 5.3.B. When 
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LCH4 was relatively low (e.g., < 0.062 g m
-2 d-1), Anammox bacteria and DAMO bacteria were 
dominant in the biofilm with the coexistence of a relatively small fraction of DAMO archaea. The 
increase of LCH4 to 0.062 g m
-2 d-1 would increase the abundance of DAMO archaea from 0% to 
15% while that of DAMO bacteria would slightly decrease from 36% to 32% and that of Anammox 
bacteria would drop from 64% to 53%. Correspondingly, the TN removal efficiency increased from 
90.4% to the maximum of 99.4% at LCH4 of 0.062 g m
-2 d-1. Further increase in LCH4 would favour 
the growth of DAMO bacteria to a great extent, and thus Anammox bacteria were gradually 
outcompeted due to the low availability of nitrite. The fraction of DAMO bacteria would therefore 
increase continuously while those of Anammox bacteria and DAMO archaea would decrease 
significantly at LCH4 of 0.218 g m
-2 d-1, resulting in a decreased TN removal efficiency down to 
56.9%. These results indicated the significance of the methane supply in regulating the performance 
and microbial structure of the Anammox-DAMO biofilm. Although an energy source that can be 
harvested on site of the treatment plants, methane is a potent greenhouse gas with a warming 
potential more than 25 times stronger than CO2 (Hu et al. 2014). Excessive methane supply would 
damage the system performance by outcompeting the Anammox bacteria and DAMO archaea as 
shown in Figure 5.3.B, and lead to the methane wastage. Thus, an optimal methane supply under 
the given conditions should be applied not only to benefit the TN removal but also to avoid the 
potential methane emissions. 
 
The relationships between the TN removal efficiency together with the microbial abundance and the 
biofilm thickness at steady state (Scenario 3 in Table 5.4) are shown in Figure 5.3.C. In general, the 
increasing of Lf would increase TN removal efficiency with the optimal TN removal of over 99.0% 
at a steady-state thickness of more than 1000 µm under the simulated conditions. With regards to 
the microbial community, Anammox bacteria would dominate the biofilm at relatively thin biofilm 
thickness (< 400 µm), with the achievable maximum TN removal efficiency of 85.4% at the biofilm 
thickness of 400 µm. Anammox bacteria would coexist with a small fraction of DAMO bacteria in 
the biofilm at the thickness of 600 µm. With further increasing the biofilm thickness, the abundance 
of both DAMO bacteria and emerging DAMO archaea increased while that of Anammox bacteria 
gradually decreased in the biofilm (Figure 5.3.C). Although insufficient biofilm accumulation 
would lead to a low TN removal efficiency due to biomass limitation, excessive biomass 
accumulation would though result in low gas and liquid fluxes due to mass transfer limitation, 
fouling of fibers, flow maldistribution, and high liquid head loss (Martin and Nerenberg 2012). The 
modeling results indicated the essential role of biofilm thickness control in maintaining the balance 
among different microbial communities and a high TN removal efficiency in the Anammox-DAMO 
biofilm system. Some effort has been dedicated to studying the significance of maintaining a 
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suitable biofilm thickness to improve the system performance (Celmer et al. 2008, Semmens et al. 
2003). For example, increased shear (Celmer et al. 2008) and gas sparging (Pankhania et al. 1999) 
have been applied to maintain an optimal biofilm thickness without affecting the performance. 
 
These findings revealed the crucial role of microbial competitions in determining the steady-state 
microbial community structure and hence the system performance in the Anammox-DAMO biofilm 
system. In general, the microbial competitions would be regulated by the species-specific 
biochemical properties, reflected as biokinetics from the modeling perspective, as well as the 
substrate availability. In this chapter, the counter-diffusional supply of CH4 and liquid substrates 
(NO2
- and NH4
+) in the MBfR together with the higher NO2
- affinity of DAMO bacteria (𝐾𝑁𝑂2
𝐷𝑏  of 
0.01 g N m-3) than Anammox bacteria (𝐾𝑁𝑂2
𝐴𝑛  of 0.05 g N m-3) led to an abundance of DAMO 
bacteria relatively comparable with that of Anammox bacteria in the biofilm. In comparison, 
Winkler et al. (2015) reported a competitive advantage of Anammox bacteria over DAMO bacteria 
in a granular system, which might result from the co-diffusional supply of substrates (CH4, NO2
-, 
and NH4
+) as well as the higher NO2
- affinity of Anammox bacteria than DAMO bacteria (𝐾𝑁𝑂2
𝐴𝑛  and 
𝐾𝑁𝑂2
𝐷𝑏  are 0.1 g N m-3 and 0.6 g N m-3, respectively) applied in the model. 
 
5.3.4 Optimizing the system performance at different TN surface loadings 
As indicated in Figure 5.3, the partial nitritation produced NO2
-/NH4
+ ratio and methane supply 
would jointly regulate the microbial structure and thus directly affect the system performance at a 
sufficient biofilm thickness (e.g., 1000 µm). Therefore, the combined optimal operating conditions 
in terms of NO2
-/NH4
+ ratio and LCH4 with a biofilm thickness of 1000 µm at different TN surface 
loadings (i.e., TN concentration of 300, 500, and 700 g N m-3 in the influent, resulting in LTN of 
0.41, 0.68, and 0.95 g N m-2 d-1, respectively) were evaluated in order to optimize the system 
performance and minimize the methane supply. 
 
Figures 5.4.A-5.4.C illustrate the TN removal efficiency of the steady-state Anammox-DAMO 
biofilm system at the influent TN concentration of 300, 500, and 700 g N m-3 (i.e., LTN of 0.41, 
0.68, and 0.95 g N m-2 d-1), respectively (Scenario 4 in Table 5.4). All three figures show similar 
trends. For example, Figure 5.4.B represents the combined effect of NO2
-/NH4
+ ratio and LCH4 on 
the TN removal efficiency at the LTN of 0.68 g N m
-2 d-1. When the NO2
-/NH4
+ ratio was below 1.0, 
the TN removal efficiency gradually increased with the increase of the NO2
-/NH4
+ ratio at a given 
LCH4. Anammox bacteria and DAMO archaea were dominant species, while the fraction of DAMO 
bacteria was minor in the biofilm. At the NO2
-/NH4
+ ratio of 1.0 and LCH4 of 0.016 g m
-2 d-1, the 
maximum TN removal efficiency of 99.3% was achieved, with the active biomass fractions of 
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Anammox bacteria and DAMO microorganisms being 80% and 20%, respectively. Further increase 
in the NO2
-/NH4
+ ratio would stimulate the growth of DAMO bacteria and decrease the fractions of 
Anammox bacteria and DAMO archaea in the biofilm. Although a maximum TN removal 
efficiency over 99.0% could still be achieved at higher NO2
-/NH4
+ ratios (> 1.0), a higher LCH4 
would be required (as shown in the dark red ridge-shape region in Figure 5.4.B). The optimal NO2
-
/NH4
+ ratio and LCH4 were revealed to be 1.0 and 0.016 g m
-2 d-1, respectively, at the LTN of 0.68 g 
N m-2 d-1 (Figure 5.4.B). The corresponding methane utilization efficiency was calculated at 89.1%. 
Furthermore, with regard to the minimal methane supply, the optimal NO2
-/NH4
+ ratio was found to 
be 1.0 irrespective of the TN surface loading or the influent TN concentration, as demonstrated in 
Figure 5.4. This value is in agreement with the theoretical value of 1.06, which can be obtained 
through integrating Eq. 5 with Eq. 6 (i.e., DAMO archaea reduce 0.26 mole of nitrate produced 
from Anammox process to nitrite which can then be used by Anammox bacteria). In contrast, the 
optimal methane supply at the NO2
-/NH4
+ ratio of 1.0 would increase with the increasing TN 
surface loading (Figure 5.4). The increasing optimal methane surface loading was accompanied by 
the decreasing methane utilization efficiency, which dropped from 93.0% at LTN of 0.41 g N m
-2 d-1 
to 73.8% at LTN of 0.95 g N m
-2 d-1. The relatively small portion of unconverted methane would 
leave the MBfR system and might end up in the atmosphere. 
 
At the optimal NO2
-/NH4
+ ratio of 1.0, Anammox bacteria cooperated with DAMO archaea to 
remove the ammonium, nitrite, and nitrate supplied/produced, while DAMO bacteria were not 
desired in the biofilm. Specifically, nitrate produced from 20% of the feeding nitrite by Anammox 
bacteria was reduced back to nitrite by DAMO archaea, which was once again available for the 
Anammox process. This loop mediated by DAMO archaea to avoid nitrate accumulation thus 
decreases the NO2
-/NH4
+ ratio requested by Anammox bacteria (the ultimate denitrifier) from the 
preceding partial nitritation process to 1.0. Compared to the regular PN-Anammox process that 
requires a partial nitritation produced NO2
-/NH4
+ ratio of 1.32, the optimal NO2
-/NH4
+ ratio of 1.0 
of the Anammox-DAMO biofilm system obtained in this chapter would decrease about 10% of the 
aeration energy required for the preceding partial nitritation process to generate a suitable mixture 
of NO2
- and NH4
+. Theoretically, about 93 g O2 m
-3 of aeration would be saved in the preceding 
partial nitritation process while 72 g COD m-3 of methane would be required to support the 
Anammox-DAMO biofilm system, assuming an influent TN concentration of 500 g N m-3. 
Although the additional methane supply represents a bioenergy loss and the specific trade-off 
warrants further investigations, the proposed MBfR coupling Anammox and DAMO still has a 
great application value in view of its relatively low methane demand in comparison with the 
methane production potential on site. Assuming a volumetric methane yield of 15-25 kg COD m-3 
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in anaerobic digesters (Metcahf and Eddy 2003) whilst considering the high methane utilization 
efficiency, only less than 1% of the produced methane is required to achieve the complete nitrogen 
removal in the MBfR. Thus, strategies should be developed to control the partial nitritation reactor 
in order to provide a suitable feed (i.e., NO2
-/NH4
+ ratio of 1.0) to the subsequent Anammox-
DAMO biofilm system. Potentially applicable strategies include aeration control (Guo et al. 2009), 
DO concentration adjustment (Blackburne et al. 2008), HRT control through flow rate adjustment, 
or inhibition control through FNA treatment (Wang et al. 2014). In addition, methane supply in the 
Anammox-DAMO biofilm system should be properly adjusted according to the TN surface 
loadings or influent TN concentration. 
 
Figure 5.4. Model simulation results for the TN removal efficiency under different NO2
-/NH4
+ 
ratios and LCH4 conditions of the Anammox-DAMO biofilm system at different LTN levels from 
Scenario 4 in Table 5.4: (A) LTN of 0.41 g N m
-2 d-1; (B) LTN of 0.68 g N m
-2 d-1; and (C) LTN of 
0.95 g N m-2 d-1. The colour scale represents TN removal efficiency in %. 
(A) 
(B) 
(C) 
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As delineated in Figure 5.4, the Anammox-DAMO biofilm system could also sustain a wide range 
of NO2
-/NH4
+ ratio without compromising the system performance on account of nitrite inhibition 
at the cost of methane supply, which represents a distinct advantage over the sole Anammox 
process that is relatively sensitive to nitrite presence (Lotti et al. 2012). This is due to the 
contribution of DAMO bacteria in the biofilm to the nitrite removal, which likely alleviates the 
inhibitory effect of nitrite on Anammox bacteria. 
 
5.3.5 Testing the feasibility of coupling partial nitritation-Anammox-DAMO in one single-
stage MBfR by controlling DO concentration 
 
Figure 5.5. Flow diagrams of (A) separate partial nitritation and Anammox-DAMO biofilm system 
and (B) single-stage MBfR coupling PN-Anammox-DAMO. 
 
Although the separate partial nitritation and Anammox-DAMO biofilm system (Figure 5.5.A) might 
benefit the reactors operation with control flexibility, coupling PN-Anammox-DAMO in one 
single-stage MBfR (Figure 5.5.B) devoted to nitrogen removal would likely decrease both the 
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investment and the operational costs, similar as for the one-stage PN-Anammox systems (Lackner 
et al. 2014). Different from the separate system, partial nitritation by AOB would also be included 
in the stratified biofilm to aerobically convert ammonium to nitrite partially. DO would be 
introduced in the bulk liquid at a certain level to support the growth of AOB but wash out NOB, 
and also to produce a suitable NO2
-/NH4
+ ratio for both Anammox and DAMO microorganisms at a 
given TN surface loading (as indicated in Figure 5.4), without further inhibition on Anammox 
(Strous et al. 1997) and DAMO microorganisms (Luesken et al. 2012). Therefore, the DO control 
would be essential for successfully coupling PN-Anammox-DAMO in one single-stage MBfR for 
efficient nitrogen removal. 
  
Figure 5.6. Model simulation results for the shifts of the microbial structure and the resulting TN 
removal efficiency of the single-stage MBfR coupling PN-Anammox-DAMO at steady state under 
different bulk liquid DO concentration conditions (Scenario 5 in Table 5.4). The optimal methane 
surface loading of 0.009 g m-2 d-1 with the influent TN concentration of 300 g N m-3 (i.e., LTN of 
0.41 g N m-2 d-1) in Figure 5.4.A was applied. 
 
As an example, the optimal methane surface loading of 0.009 g m-2 d-1 with the influent TN 
concentration of 300 g N m-3 (i.e., LTN of 0.41 g N m
-2 d-1) in Figure 5.4.A was applied. Figure 5.6 
shows the shifts of the microbial structure and the resulting TN removal efficiency of the single-
stage MBfR coupling PN-Anammox-DAMO at steady state under different bulk liquid DO 
concentration conditions (Scenario 5 in Table 5.4). The active fractions of both DAMO archaea and 
DAMO bacteria decreased while that of Anammox bacteria increased with increasing DO 
concentration to 0.17 g m-3 with the maximum TN removal efficiency of 90.7%. Further increase of 
DO would decrease Anammox growth and eliminate DAMO archaea from the biofilm. The 
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corresponding TN removal efficiency would drop substantially. The abundance of AOB changed 
slightly within the DO range studied, while NOB growth remained in an unfavourable position 
without any presence in the biofilm until DO was higher than 0.27 g m-3. In contrast to the 
Anammox-DAMO biofilm system where the cooperation between Anammox bacteria and DAMO 
archaea determined the optimal nitrogen removal performance, DAMO bacteria played an 
important role in the TN removal of the single-stage MBfR coupling PN-Anammox-DAMO. 
 
Figure 5.7. Model simulation results of the single-stage MBfR coupling PN-Anammox-DAMO 
(depth zero represents the membrane surface at the base of the biofilm): (A) Microbial population 
distribution; (B) substrate profiles; and (C) species-specific nitrogen turnover rates. The applied 
influent TN concentration, bulk liquid DO concentration, TN surface loading (LTN), methane 
surface loading (LCH4), and biofilm thickness (Lf) were 300 g N m
-3, 0.17 g m-3, 0.41 g N m-2 d-1, 
0.009 g m-2 d-1, and 1000 µm, respectively. 
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The decisive role of DO in regulating the microbial community structure and hence the system 
performance of the single-stage MBfR coupling PN-Anammox-DAMO was further evidenced by a 
representative simulation scenario, with results shown in Figure 5.7. The co-diffusion of ammonium 
and DO from the bulk liquid resulted in relatively high abundance of AOB at the surface of the 
biofilm. The rapid decrease of DO below 0.05 g m-3 in the outer layer of the biofilm (from 1000 μm 
to 800 μm) led to the corresponding decrease in the abundance as well as the nitrogen conversion 
rate of AOB (Figure 5.7). In contrast, Anammox and DAMO bacteria dominated the inner layer of 
the biofilm (from 0 to 800 μm) where DO was relatively low and methane, ammonium, and nitrite 
were available, with the last produced by AOB. It should be noted that the aerobic methane 
oxidation was not included in the presented model due to its negligible effect on the steady-state 
microbial community structure and the system performance. The separate supply of oxygen and 
methane from two sides of the biofilm and the well-controlled DO in the bulk liquid would 
significantly restrain the presence of aerobic methane oxidation. Nevertheless, the model could be 
easily expanded to consider the aerobic methane oxidation process if necessary. 
 
These simulation results clearly demonstrated the proof-of-concept feasibility of successfully 
coupling PN-Anammox-DAMO processes in one single-stage MBfR by controlling bulk liquid DO 
concentration, e.g., DO concentration at 0.17 g m-3 under the simulated conditions. Although the 
model has not been tested with the presence of DO in the liquid phase and the real implementation 
of such a coupled PN-Anammox-DAMO biofilm system warrants further experimental verification, 
the qualitative findings of this chapter would still be useful for the development of this promising 
process for efficient and high-level nitrogen removal. 
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Chapter 6 – Evaluation of the feasibility of simultaneous ammonium 
and dissolved methane removal from anaerobic digestion liquor in an 
MBfR 
 
 
 
 
This chapter has been published and modified for incorporation into this thesis: Chen, X., Guo, J., 
Xie, G.-J., Liu, Y., Yuan, Z. and Ni, B.-J. (2015) A new approach to simultaneous ammonium and 
dissolved methane removal from anaerobic digestion liquor: A model-based investigation of 
feasibility. Water Research 85, 295-303. 
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Abstract 
The presence of a high level of dissolved methane (e.g., 20 – 26 g m-3) remaining in some anaerobic 
sludge digestion liquor represents a major challenge to the treatment of this stream, as its emission 
to the atmosphere contributes significantly to the carbon footprint of wastewater treatment. A new 
approach to simultaneous ammonium and dissolved methane removal from the anaerobic digestion 
liquor through integrating PN-Anammox-DAMO in a single-stage MBfR is therefore proposed in 
this chapter. In such an MBfR different from the ones in Chapters 4 and 5, the anaerobic digestion 
liquor containing ammonium and dissolved methane simultaneously is provided in the bulk liquid, 
while oxygen is supplied through gas-permeable membranes to avoid dissolved methane stripping. 
The model developed in Chapter 5 was applied to assess the system performance and the 
corresponding microbial interactions under different operational conditions. Both influent surface 
loading (or HRT) and oxygen surface loading were found to significantly influence the TN and 
dissolved methane removal, which jointly determine the overall system performance. The counter 
diffusion and concentration gradients of substrates cause microbial stratification in the biofilm, 
where AOB attach close to the membrane surface (biofilm base) where oxygen and ammonium are 
available, while Anammox and DAMO microorganisms jointly grow in the biofilm layer close to 
the bulk liquid where methane, ammonium, and nitrite are available with the latter produced by 
AOB. These results provide first insights and useful information for the design and operation of this 
new technology for simultaneous ammonium and dissolved methane removal in its potential future 
applications. 
 
6.1 Introduction 
6.1.1 Research gaps 
For the purpose of bioenergy recovery, anaerobic digestion of wasted activated sludge and in some 
cases primary sludge as well is commonly practiced at WWTPs to produce methane as a renewable 
energy source. The effluent anaerobic digestion liquor usually contains a high concentration of 
ammonium (500 – 1500 mg N L-1) (Wang et al. 2014), which can be effectively removed through 
an autotrophic process combining partial nitritation and Anammox (Joss et al. 2009, Kartal et al. 
2010, Lotti et al. 2014, van der Star et al. 2007). However, in addition to ammonium, some of the 
produced methane might remain dissolved in the anaerobic digestion liquor (up to 26 g CH4 m
-3 
depending on the temperature and methane partial pressure) (Bandara et al. 2011, Daelman et al. 
2012, Hartley and Lant 2006), which will be subject to stripping during aeration in the partial 
nitritation process. Methane is a potent greenhouse gas with a warming potential about 34 times that 
of carbon dioxide on a 100-year horizon (IPCC 2013). Therefore, these methane emissions would 
cause a significant increase in the carbon footprint of WWTPs (Daelman et al. 2014). Previous 
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studies have clearly shown that methane from WWTP could account for 13.5% – 31% of plant 
carbon footprint, exceeding the carbon dioxide contribution from electricity and natural gas 
consumption (Daelman et al. 2014, Daelman et al. 2013).  
 
The discovery of DAMO microorganisms offers a promising alternative to potentially achieving the 
simultaneous removal of ammonium and methane efficiently. By coupling DAMO with Anammox 
through utilizing the dissolved methane remaining, DAMO microorganisms would consume 
methane whilst further contributing to the TN removal. Shi et al. (2013) successfully developed an 
Anammox-DAMO biofilm in a lab-scale MBfR system for enhancing nitrogen removal, by 
providing gaseous methane as an external carbon source through membranes. However, such design 
requires partial nitritation first to convert ammonium to nitrite, which would have the dissolved 
methane stripped during aeration; therefore it is not suitable for dissolved methane removal from 
the anaerobic digestion liquor. Winkler et al. (2015) proposed the concept of simultaneous removal 
of ammonium and methane from the anaerobic digestion liquor through the coexistence of 
Anammox bacteria and DAMO bacteria in a granular sludge reactor. However, the challenge in the 
application of this concept is that the preceding partial nitritation step to yield the desired 
nitrite/ammonium mixture would also strip methane from the liquid phase. 
 
6.1.2 Research objective 
A novel MBfR system integrating PN-Anammox-DAMO processes is proposed in this chapter for 
simultaneous ammonium and dissolved methane removal from the anaerobic digestion liquor. In 
this MBfR, oxygen is supplied through gas-permeable membranes that also serve as biofilm 
support, while the anaerobic digestion liquor with ammonium and dissolved methane is provided in 
the bulk liquid, as shown in Figure 6.1. The counter diffusion of gas and liquid substrates not only 
provides an efficient oxygen transfer and a more flexible system control strategy, but also 
successfully manages to avoid dissolved methane stripping. 
 
The objective of this chapter is therefore to assess the conceptual feasibility of simultaneous 
ammonium and dissolved methane removal from the anaerobic digestion liquor through integrating 
PN-Anammox-DAMO process in a single-stage MBfR using mathematical modeling. The biofilm 
model developed in Chapter 5, which incorporates previously well-established biokinetics of AOB, 
NOB, Anammox bacteria, and DAMO microorganisms, was applied to investigate the impacts of a 
wide range of operational parameters, including influent surface loading (or HRT), oxygen surface 
loading, and biofilm thickness, on the system performance and microbial community structure of 
the MBfR. The results of this chapter are expected to provide first insights and useful information 
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for the design and operation of such new technology for simultaneous ammonium and dissolved 
methane removal. 
 
Figure 6.1. Concept of the MBfR integrating PN-Anammox-DAMO process for simultaneous 
ammonium and dissolved methane removal with the potential microbial interactions and 
biochemical reactions between AOB, Anammox bacteria, DAMO archaea, and DAMO bacteria in 
the biofilm. 
 
6.2 Materials and methods 
The simulated MBfR in this chapter has a working volume of 1 m3 with a completely mixed liquid 
phase. The bulk volume and biofilm surface area of the reactor are 0.96 m3 and 235 m2, 
respectively, resulting in a surface to volume ratio of 245 m2 m-3. Gas-permeable membranes used 
for oxygen supply and biofilm attachment have about 0.04 m3 gas volume inside the membrane 
lumen. This reactor setup is similar to the one used by Ni and Yuan (2013). Compressed air is 
supplied in flow-through mode to the membrane module. The applied gas pressure into the 
membrane lumen is adjusted in the range of 10 to 120 kPa to control the flux of oxygen to the 
biofilm, with the gas flow rate constantly set at 0.8 m3 d-1. A wastewater feed containing 
ammonium and dissolved methane of 1 g N L-1 and 100 g COD m-3 mimicking the similar substrate 
conditions in the side-stream anaerobic digestion liquor (Bandara et al. 2011, Daelman et al. 2014, 
Law et al. 2011, Winkler et al. 2015), respectively, is supplied to the bulk liquid phase with a flow 
rate varying from 0.12 to 0.24 m3 d-1, thus resulting in different influent surface loadings of 0.0005 
– 0.001 m d-1 which correspond to HRTs of 4 to 8 days. 
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 Table 6.1. An overview of the simulation scenarios for the reported results in Chapter 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The model developed in Chapter 5 was applied to describe the metabolisms and interactions of 
AOB, NOB, Anammox bacteria, and DAMO microorganisms in the MBfR, with the kinetics and 
stoichiometry summarized in Tables 5.1 and 5.2. Table 5.3 shows the definitions, values, units, and 
sources of all parameters used in the biochemical model. The inhibition of oxygen on the activities 
of Anammox (Terada et al. 2007) and DAMO (Lopes et al. 2011) microorganisms as well as the 
inhibition of nitrite on the activities of Anammox (Lotti et al. 2012) and DAMO (He et al. 2013) 
microorganisms are included in the model through incorporating non-competitive inhibition 
functions of oxygen and nitrite into the corresponding kinetic rate expressions. The growth of 
heterotrophic bacteria on biodegradable decay products in the MBfR is minimal compared to that of 
DAMO and Anammox microorganisms (Shi et al., 2013) and is therefore not represented in the 
model. The aerobic methanotrophic organisms could also be possibly fostered in the inner layer of 
the biofilm where oxygen is available. The aerobic methane oxidation process is initially modeled, 
Scenarios Simulation conditions Variable conditions 
Scenario 0 
Standard simulation of the 
PN-Anammox-DAMO 
biofilm system 
 
SNH4 = 1 g N L
-1  
SCH4 = 100 g COD m
-3 
LIN = 0.00068 m d
-1 
LO2 = 1.74 g m
-2 d-1 
Lf = 750 µm 
 
Scenario 1 
Effect of LIN on the PN-
Anammox-DAMO 
biofilm system 
 
SNH4 = 1 g N L
-1  
SCH4 = 100 g COD m
-3 
LO2 = 1.74 g m
-2 d-1 
Lf = 750 µm 
 
LIN = 0.0005 – 0.001 m d-1  
 
Scenario 2 
Effect of LO2 on the PN-
Anammox-DAMO 
biofilm system 
 
SNH4 = 1 g N L
-1  
SCH4 = 100 g COD m
-3  
LIN = 0.00068 m d
-1 
Lf = 750 µm  
 
LO2 = 1 – 2 g m-2 d-1 
 
 
Scenario 3 
Effect of Lf on the PN-
Anammox-DAMO 
biofilm system 
 
 
SNH4 = 1 g N L
-1  
SCH4 = 100 g COD m
-3  
LIN = 0.00068 m d
-1 
LO2 = 1.74 g m
-2 d-1 
 
Lf = 350 – 1250 µm  
Scenario 4 
Combined effect of LIN 
and LO2 on the PN-
Anammox-DAMO 
biofilm system 
 
SNH4 = 1 g N L
-1  
SCH4 = 100 g COD m
-3  
Lf = 750 µm 
 
LIN = 0.0005 – 0.001 m d-1  
HRT = 4 – 8 day 
LO2 = 1 – 2 g m-2 d-1 
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but shows little effect on the results for the scenarios tested due to the fact that methane and oxygen 
are provided separately and distributed within different layers of the biofilm, and is therefore 
omitted to reduce the complexity of the model. 
 
The previously well-established parameter values of nitrifying (Terada et al. 2007, Wiesmann 
1994), Anammox (Hao et al. 2002, Koch et al. 2000, Strous et al. 1998), and DAMO 
microorganisms that have been verified by experimental data are used in this simulation study. In 
particular, the parameters describing DAMO archaea and bacteria were established using long-term 
(over 400 days) experimental data from an MBfR with coculture of Anammox and DAMO 
microorganisms in Chapter 4. The parameter values obtained were generally robust in their ability 
to predict methane, ammonium, nitrite, and nitrate dynamics. The validity of the parameters used 
was also confirmed by independent batch experimental data with the biofilm coculture of DAMO 
and Anammox microorganisms in Chapters 4 and 5. The successful application of these biokinetics 
to the MBfR system indicates that the parameter values are applicable to the coupled DAMO and 
Anammox biofilm system, and thus are used in this chapter. 
  
The biofilm model setup is same as Chapters 4 and 5 except for the difference in gas substrate 
(oxygen instead of methane) being supplied through gas-permeable membranes. Model simulations 
are then performed under different operational conditions to evaluate the implementation of the PN-
Anammox-DAMO process in the MBfR. Five different scenarios are considered in this chapter, as 
shown in Table 6.1. The first simulation scenario (Scenario 0 of Table 6.1) is performed at the 
influent flow rate of 0.16 m3 d-1, giving rise to an influent surface loading (𝐿𝐼𝑁) of 0.00068 m d
-1 
(i.e., an HRT of 6 days). The applied oxygen surface loading (𝐿𝑂2) and biofilm thickness (𝐿𝑓) are 
1.74 g m-2 d-1 and 750 µm, respectively. The mechanisms behind the process performance are then 
analysed with the generated depth profiles of substrates and microbial community distribution and 
species-specific nitrogen conversion rates in the MBfR biofilm. Scenarios 1 – 3 in Table 6.1 
investigate the effects of 𝐿𝐼𝑁, 𝐿𝑂2, and 𝐿𝑓 on the removal efficiencies of TN and dissolved methane 
and the microbial structure of the MBfR biofilm at steady state, respectively. The parameter 
combinations are chosen systematically over wide ranges of 𝐿𝐼𝑁 (0.0005 – 0.001 m d
-1), 𝐿𝑂2 (1 – 2 
g m-2 d-1), and 𝐿𝑓 (350 – 1250 µm). Scenario 4 in Table 6.1 examines the joint impact of 𝐿𝐼𝑁 
(0.0005 – 0.001 m d-1) and 𝐿𝑂2 (1 – 2 g m
-2 d-1) on the process performance and optimizes the 
operation of the MBfR to achieve the simultaneous removal of ammonium and dissolved methane 
from the anaerobic digestion liquor. 
 
For each simulation scenario, the initial concentrations of all soluble components are assumed to be 
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zero in the biofilm and in the bulk liquid. An average biofilm thickness is applied in the model 
without consideration of its variation with locations. The thickness of the boundary layer between 
the liquid phase and biofilm is set as 100 µm, irrespective of biofilm thickness. The initial 
conditions for all simulations assume a biofilm thickness of 20 µm. Simulations are typically run 
for up to 1000 days in order to reach steady-state conditions in terms of effluent concentrations, 
biomass compositions in biofilm, and biofilm thickness. The steady-state TN and dissolved 
methane removal efficiencies are used as the gauge to evaluate the performance of the MBfR. 
 
6.3 Results 
6.3.1 Simultaneous ammonium and dissolved methane removal 
The influent and effluent characteristics and system performance at the steady state of the MBfR 
under the operational conditions of Scenario 0 (Table 6.1) are shown in Table 6.2. The influent 
ammonium (1000 g N m-3) and dissolved methane (100 g COD m-3) are significantly removed by 
the MBfR successfully, with concentrations of 4.9 g N m-3 and 6.6 g COD m-3 in the effluent, 
respectively. The resulting ammonium, TN, and dissolved methane removal efficiencies are up to 
99.5%, 95.9%, and 93.4%, respectively. These results demonstrate the potential feasibility of the 
proposed approach to simultaneous ammonium and dissolved methane removal from the anaerobic 
digestion liquor. 
 
Table 6.2. System performance of the MBfR at the steady state under the operational conditions of 
scenario 0 in Table 6.1 
Characteristics/performance Influent Effluent 
Ammonium, NH4
+ (g N m-3) 1000 4.9 
Methane, CH4 (g COD m
-3) 100 6.6 
Nitrite, NO2
- (g N m-3) 0 0 
Nitrate, NO3
- (g N m-3) 0 ~30 
TN removal efficiency (%) 95.9 
CH4 removal efficiency (%) 93.4 
 
For better understanding of the simulation results, a sensitivity analysis is performed using the 
AQUASIM built-in algorithms to investigate the most determinant biokinetic parameters on the 
performance of the proposed MBfR system in terms of nitrogen and dissolved methane removal. 
The results indicate that the dissolved methane removal efficiency is more sensitive to model 
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parameters, compared to the TN removal efficiency. The most sensitive parameters are the 
maximum growth rates of DAMO archaea (𝜇𝐷𝑎) and DAMO bacteria (𝜇𝐷𝑏), methane affinity 
constants for DAMO archaea (𝐾𝐶𝐻4
𝐷𝑎 ) and DAMO bacteria (𝐾𝐶𝐻4
𝐷𝑏 ), and yield coefficient for 
Anammox bacteria (𝑌𝐴𝑛). These parameters should be accurately determined in the application of 
the model to evaluating the simulated MBfR setup presented in this chapter.  
 
6.3.2 Microbial community structure and substrate profiles in the biofilm  
The steady-state microbial population distribution and the concentration profiles of NH4
+, NO2
-, 
NO3
-, DO, and CH4 as well as the species-specific nitrogen turnover rates within the biofilm of the 
MBfR under the operational conditions of Scenario 0 (Table 6.1) are shown in Figure 6.2. AOB are 
dominant at the base of the biofilm from 0 to 150 μm. In contrast, Anammox bacteria dominate the 
outer layer of the biofilm from 225 μm to 750 μm in symbiosis with DAMO bacteria. The inert 
biomass is the dominant form of solids in the middle but widely distributed across the whole 
biofilm, while there is only very small amount of DAMO archaea existing in the outer layer of the 
biofilm (Figure 6.2.A). The associated substrate profiles within the biofilm are shown in Figure 
6.2.B. DO quickly decreases in the inner layer of the biofilm from 0 to 150 μm due to its 
consumption by AOB, which is consistent with the AOB distribution in Figure 6.2.A. NH4
+ 
concentration decreases from the surface to the base of the biofilm, while an opposite trend is 
observed for NO2
-, which drops below 0.01 g N m-3 at the biofilm thickness of 525 μm. The nitrate 
produced by Anammox bacteria remains almost constant at 36.35 g N m-3 over the biofilm range 
because of the extremely low fraction of DAMO archaea in the biofilm under the simulation 
conditions of Scenario 0 (Figure 6.2.A). CH4 decreases mainly at the outer layer of the biofilm as 
the result of its consumption by DAMO microorganisms. 
 
As demonstrated in Figures 6.2.A and 6.2.B, the concentration gradients of DO, methane, 
ammonium, nitrite, and nitrate result in the microbial stratification in the biofilm of the MBfR 
integrating the PN-Anammox-DAMO process. AOB attach close to the membrane surface 
(dominant at the biofilm base from 0 to 150 μm), where oxygen and ammonium are available, while 
Anammox and DAMO microorganisms mainly grow in the biofilm layer close to the bulk liquid 
(dominant at the outer layer from 225 μm to 750 μm) where methane, ammonium, and nitrite are 
available with the last produced by AOB. The species-specific nitrogen turnover rates in Figure 
6.2.C follow the similar spatial distribution to the active biomass fraction profiles in Figure 6.2.A, 
which further confirms the activity stratification in the multi-species biofilm. Under the given 
operational conditions (Scenario 0 in Table 6.1), the observed removal efficiencies of TN and 
dissolved methane are 95.9% and 93.4%, respectively, with AOB, NOB, Anammox bacteria, 
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DAMO archaea, and DAMO bacteria accounting for approximately ~49%, ~0.01%, ~48%, ~0.2%, 
and ~3% of the TN turnover. These findings show that the cooperation between AOB and 
Anammox bacteria contributes mostly to the TN removal, while DAMO bacteria play a significant 
role in the dissolved methane removal in the MBfR.  
 
Figure 6.2. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenario 0 
in Table 6.1 (depth zero represents the membrane surface at the base of the biofilm): (A) Microbial 
population distribution; (B) substrate profiles; and (C) species-specific nitrogen turnover rates. The 
applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and biofilm thickness (𝐿𝑓) are 
0.00068 m d-1, 1.74 g m-2 d-1, and 750 µm, respectively. 
 
6.3.3 Effect of influent surface loading on the TN and methane removal 
The impact of influent surface loading on the TN and dissolved methane removal, and the microbial 
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abundance in the biofilm of the MBfR integrating the PN-Anammox-DAMO process (Scenario 1 in 
Table 6.1) is shown in Figure 6.3.A. As the influent surface loading is below 0.00055 m d-1, neither 
TN nor dissolved methane would be removed from the system. With the increase of the influent 
surface loading to 0.0006 m d-1, the removal efficiencies of TN and dissolved methane increase 
significantly to 88.4% and 97.5%, respectively. Thereafter, the TN removal efficiency would 
decrease to 69.4% at the influent surface loading of 0.001 m d-1. In contrast, the dissolved methane 
removal efficiency would quickly decrease to zero at the influent surface loading of over 0.00075 m 
d-1. The existing small range (Figure 6.3.A) of influent surface loading for simultaneous removal of 
TN and dissolved methane demonstrates the important role of the influent surface loading in 
determining the performance of the MBfR.  
 
The different influent surface loading largely affects the distribution of substrates (e.g., NH4
+, CH4, 
and intermediate NO2
- produced by AOB) for the involved microorganisms and hence shapes the 
distinct steady-state microbial structure in the biofilm, leading to the variations in the system 
performance. As shown in Figure 6.3.A, AOB alone dominate the biofilm as the result of limited 
influent ammonium loading when the influent surface loading is relatively low (<0.00055 m d-1). 
The increase of the influent surface loading to 0.0006 m d-1 significantly alters the microbial 
structure in the biofilm, with the active biomass fractions of AOB, NOB, Anammox bacteria, 
DAMO archaea, and DAMO bacteria being ~20%, ~2%, ~72%, ~0.01%, and ~6%, respectively. 
NOB then disappear from the biofilm at the influent surface loading of 0.0007 m d-1, while the 
fraction of Anammox bacteria increases to ~82%. Further increasing the influent surface loading 
favours the competition of Anammox bacteria against DAMO bacteria over the availability of 
intermediate nitrite. The fraction of Anammox bacteria, therefore, increases while that of DAMO 
bacteria decreases. At the influent surface loading of over 0.00075 m d-1, AOB and Anammox 
bacteria jointly dominate the biofilm with each accounting for 13% and 87% of the active biomass, 
respectively, while DAMO microorganisms become absent from the biofilm, resulting in the failure 
of methane removal. 
 
6.3.4 Effect of oxygen surface loading on the TN and methane removal 
The relationships between the oxygen surface loading and the system performance as well as the 
microbial structure in the steady-state biofilm (Scenario 2 in Table 6.1) are delineated in Figure 
6.3.B. With the oxygen surface loading lower than 1.56 g m-2 d-1, AOB and Anammox bacteria are 
dominant species in the biofilm. The abundance of AOB would slightly increase from 9% to 12% 
while that of Anammox bacteria decreases from 91% to 88% as the oxygen surface loading 
increases from 1.00 to 1.56 g m-2 d-1. The corresponding TN removal efficiency gradually increases 
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from 53.8% to 91.3%. However, the dissolved methane removal efficiency remains extremely low 
due to the absence of DAMO microorganisms in the biofilm (Figure 6.3.B). 
  
Figure 6.3. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenarios 
1-3 in Table 6.1: (A) Effect of influent surface loading (𝐿𝐼𝑁); (B) Effect of oxygen surface loading 
(𝐿𝑂2); and (C) Effect of biofilm thickness (𝐿𝑓) on removal efficiencies of TN and dissolved 
methane and microbial community structure of the biofilm. 
 
Further increase of the oxygen surface loading stimulates the growth of AOB and hence the 
availability of the produced nitrite for DAMO bacteria. The resulting abundance of AOB and 
DAMO bacteria increases to 20% and 6%, respectively, at the oxygen surface loading of 1.83 g m-2 
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d-1. On the contrary, the abundance of Anammox bacteria decreases to 73% due to the competition 
against DAMO bacteria over the nitrite produced by AOB. As a result, the dissolved methane 
removal efficiency quickly rises to the maximum of 97.1%, while the TN removal efficiency keeps 
above 93.0% without significant change.  
 
However, the removal efficiencies of TN and dissolved methane would both abruptly drop to 
around zero once the oxygen surface loading exceeds 1.88 g m-2 d-1. Under these conditions of 
oxygen supply, both Anammox bacteria and DAMO bacteria are strongly inhibited by high DO 
concentrations in the biofilm, and the oxygen supplied is solely consumed by AOB. Therefore, the 
entire biofilm is dominated by AOB without significant existence of other microorganisms. These 
observations indicate the importance of proper operational control over the oxygen supply in 
balancing the microbial structure and regulating the performance of the integrated PN-Anammox-
DAMO biofilm system.  
 
6.3.5 Effect of biofilm thickness on the TN and methane removal 
The dependence of the system performance and microbial structure of the MBfR on the biofilm 
thickness (Scenario 3 in Table 6.1) is shown in Figure 6.3.C. Under the simulation conditions, there 
clearly exists a critical biofilm thickness of 750 μm to achieve high-rate simultaneous removal of 
ammonium and dissolved methane from the anaerobic digestion liquor. Thin biofilm with a 
thickness of less than 750 μm favours the growth of AOB over other microorganisms, leading to an 
AOB-dominated biofilm with no removal of both TN and dissolved methane (Figure 6.3.C). When 
the biofilm thickness reaches 750 μm, AOB, Anammox bacteria, and DAMO microorganisms 
coexist with each other in the MBfR biofilm. The active biomass fractions of AOB, NOB, 
Anammox bacteria, DAMO archaea, and DAMO bacteria are ~17%, ~0.01%, ~78%, ~0.2%, and 
~5%, respectively, at the biofilm thickness of 750 μm. The resulting removal efficiencies of TN and 
dissolved methane are 95.9% and 93.4%, respectively. 
  
Further increasing the biofilm thickness would decrease the fractions of AOB and DAMO 
microorganisms (both DAMO bacteria and archaea) and increase that of Anammox bacteria. 
Accordingly, the dissolved methane removal efficiency increases with the biofilm thickness and 
stabilizes above 96.0% at the biofilm thickness of more than 1050 μm. Nevertheless, as shown in 
Figure 6.3.C, the increase of biofilm thickness to 1250 μm does not lead to a clear increase in the 
TN removal efficiency (the maximum removal efficiency reaches around 96.0%). Additional 
simulation results regarding the relationships between the removal performance of the MBfR and 
the influent/oxygen surface loadings at different biofilm thicknesses in Figure 6.4 further confirm 
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that only the MBfR with a biofilm thickness of over 750 μm has the capability of achieving high-
level (>90%) simultaneous removal of TN and dissolved methane under the simulated conditions. 
The corresponding ranges of suitable influent/oxygen surface loadings increase with the increasing 
biofilm thickness (Figure 6.4). All these results show that biofilm thickness control is also essential 
to set and maintain high removal efficiencies of TN and dissolved methane in the MBfR integrating 
the PN-Anammox-DAMO process. Though a thin biofilm fails to attain good removal efficiencies, 
a too thick biofilm with excessive biomass accumulation not only reduces the volumetric removal 
rates/capacity, but also builds up operational difficulties, such as mass transfer limitation and 
membrane clogging (Martin and Nerenberg 2012). Therefore, from the perspective of system 
operation, proper maintenance strategies should be applied to keep a suitable biofilm thickness, e.g., 
750 μm under the simulation condition of this chapter. 
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Figure 6.4. The combined effect of biofilm thickness (𝐿𝑓) and influent surface loading (𝐿𝐼𝑁) as well 
as oxygen surface loading (𝐿𝑂2) on the TN removal efficiency (A and C) and on the dissolved 
methane removal efficiency (B and D) in the MBfR. The applied 𝐿𝐼𝑁, 𝐿𝑂2, and 𝐿𝑓 are 0.0005 – 
0.001 m d-1, 1.74 g m-2 d-1, and 450 – 900 µm, respectively, for A and B, while 0.00068 m d-1, 1 – 2 
g m-2 d-1, and 450 – 900 µm, respectively, for C and D. 
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6.4 Discussion 
6.4.1 Optimal operating conditions for simultaneous TN and dissolved methane removal by 
the partial nitritation-anammox-DAMO biofilm  
As demonstrated in Figure 6.3, the microbial community structure at a proper biofilm thickness 
(e.g., 750 μm) is jointly regulated by the applied influent (containing ammonium and dissolved 
methane) and oxygen surface loadings, which thus affects the overall performance of the MBfR for 
TN and dissolved methane removal. Scenario 4 in Table 6.1 is therefore designed to investigate the 
combined optimal operational conditions of the MBfR in terms of influent and oxygen surface 
loadings at a biofilm thickness of 750 μm in order to optimize the system performance. The influent 
surface loading is practically equivalent to HRT. Under the simulation conditions of fixed influent 
ammonium and dissolved methane concentrations, HRT (e.g., 4 – 8 days) controlled by the influent 
flow rate is inversely proportional to the influent surface loading (e.g., 0.0005 – 0.001 m d-1). 
 
Figure 6.5. Model simulation results of the PN-Anammox-DAMO biofilm system from Scenario 4 
in Table 6.1: the combined effect of HRT and oxygen surface loading (𝐿𝑂2) on the TN removal 
efficiency in (A) 3D and (B) 2D and on the dissolved methane removal efficiency in (C) 3D and 
(D) 2D. The colour scale represents removal efficiency in %. The optimal region for high-rate 
simultaneous TN and methane removal is highlighted using dot line. 
 
Figures 6.5.A and 6.5.B illustrate the TN removal efficiency of the steady-state PN-Anammox-
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DAMO biofilm system under the extensive simulation conditions of Scenario 4 (different 
combinations in Table 6.1). The region for high-level TN removal (>90%) is limited to HRT of 
4.75 – 8 days and 𝐿𝑂2 of 1.20 – 1.90 g m
-2 d-1. The optimal LO2 for TN removal decreases with the 
increasing HRT. Extremely high LO2 at a certain HRT results in the failure of TN removal. Figures 
6.5.C and 6.5.D demonstrate the dissolved methane removal efficiency of the steady-state MBfR 
under the simulation conditions of Scenario 4 (Table 6.1). There is no significant removal of 
dissolved methane with HRT below 5.25 days, and the optimal dissolved methane removal 
efficiency (> 90%) can be achieved at an HRT of more than 5.75 days. The suitable range of 𝐿𝑂2 for 
the optimal dissolved methane removal (>90%) increases with the increasing HRT. However, both 
too high and too low 𝐿𝑂2 will cause the washout of DAMO microorganisms from the biofilm, hence 
resulting in the failure of dissolved methane removal.  
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Figure 6.6. Model simulation results of the PN-Anammox-DAMO biofilm system in consideration 
of the potential existence of heterotrophic bacteria (HB): (A) Microbial population distribution; (B) 
TN and dissolved methane removal efficiencies with/without considering HB. The additionally 
applied influent organic carbon concentration is 100 g COD m-3 on the premise of Scenario 0 in 
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Table 6.1. The related stoichiometric and kinetic parameters of HB are directly taken from Lackner 
et al. (2008) and Mozumder et al. (2014). 
 
From the perspective of system operation for high-level (>90%) simultaneous removal of 
ammonium and dissolved methane from the anaerobic digester liquid, HRT and 𝐿𝑂2 should be 
controlled based on the highlighted optimal region (HRT of 5.75 – 8 days and 𝐿𝑂2 of 1.25 – 1.85 g 
m-2 d-1) in Figures 6.5.B and 6.5.D. Under these optimal operating conditions in terms of HRT and 
𝐿𝑂2, AOB, Anammox bacteria, and DAMO microorganisms coexist and stratify in the biofilm 
properly. 
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Figure 6.7. Model simulation results of the PN-Anammox-DAMO biofilm system in consideration 
of the potential existence of aerobic methane-oxidizing bacteria (MOB) from Scenario 0 in Table 
6.1: (A) Microbial population distribution; (B) TN and dissolved methane removal efficiencies 
with/without considering MOB. The related stoichiometric and kinetic parameters of MOB are 
directly taken from Daelman et al. (2014). 
 
It should be noted that the heterotrophic growth would potentially occur due to the small proportion 
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of organic carbon in the anaerobic digestion liquor. An additional simulation scenario in 
consideration of heterotrophic growth (Lackner et al. 2008, Mozumder et al. 2014) at an influent 
organic carbon concentration of 100 g COD m-3 shows in Figure 6.6 that the influent carbon source 
would lead to a small fraction of heterotrophic growth in the biofilm (~1% of the total active 
biomass) and a slight increase (~2%) in the TN removal efficiency without significant change of the 
dissolved methane removal efficiency. Therefore, the proposed approach to simultaneous 
ammonium and dissolved methane removal is still valid with possible presence of carbon source, 
due to its minor impacts on the overall microbial community structure as well as the TN and 
dissolved methane removal performance (Figure 6.6). The heterotrophic processes could be readily 
incorporated into the model if required. Heterotrophs may also grow using biomass decay products 
or soluble microbial products. However, the steady-state behaviour of a similar one-stage reactor 
coupling partial nitritation and Anammox has confirmed the negligible impacts of the heterotrophic 
growth on biomass decay products (Mozumder et al. 2014). Furthermore, aerobic MOB could 
potentially exist at the base of the biofilm, consume the residual methane diffusing from the bulk 
liquid, and compete against AOB over the oxygen supplied. However, aerobic methane oxidation 
would not play an important role in such a counter-diffusion system with methane and oxygen 
provided separately and distributed within different layers of the biofilm as well as the well-
controlled DO concentration in the biofilm (0 – 0.3 g m-3), as verified by the simulation results in 
consideration of aerobic methane oxidation (Daelman et al., 2014). Figure 6.7 clearly shows that the 
microbial distribution and the dissolved methane removal efficiency have no significant change, 
with aerobic MOB only accounting for less than 0.5% of the total active biomass. Hence, the 
aerobic methane oxidation process is not specifically included in other scenario simulations. 
Nevertheless, the presented model could also be easily expanded to consider aerobic MOB if 
relevant. 
 
6.4.2 A novel and potential technology for simultaneous ammonium and dissolved methane 
removal from anaerobic digestion liquor 
The anaerobic digestion liquor is commonly inoculated into the inflow of the WWTP and mixed 
with the influent wastewater, which results in a net increase of the TN loading of up to 30% 
(Beylier et al. 2011). Therefore, a specific treatment for the anaerobic digestion liquor can improve 
the biological nitrogen removal efficiency (Beylier et al. 2011). The combination of partial 
nitritation and Anammox processes was previously proposed to be implemented at full scale to treat 
the anaerobic digestion liquor (Joss et al. 2009, Lackner et al. 2014, van der Star et al. 2007). 
However, the theoretically maximum TN removal efficiency is limited to 89% due to the nitrate 
production by Anammox bacteria (Khin and Annachhatre 2004, Strous et al. 1998). In addition, the 
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Anammox process requires a specific molar nitrite/ammonium ratio of 1.32 (Khin and Annachhatre 
2004), which entails an effective control over the partial nitritation process. More importantly, the 
dissolved methane in the anaerobic digestion liquor would be stripped due to the aeration in the 
partial nitritation process. The stripping of dissolved methane into the environment not only 
represents a loss of energy, but also contributes to the carbon footprint of the treatment plant 
(Daelman et al. 2012). From a global perspective, wastewater treatment was estimated to account 
for 4 – 5% of the total methane emission (Conrad 2009, El-Fadel and Massoud 2001). So far, little 
effort has been dedicated to investigating the removal of dissolved methane from the anaerobic 
digestion liquor. Membrane-based degasification (Bandara et al. 2012, Bandara et al. 2011) has 
been found to be effective in recovering dissolved methane. However, in addition to the extra 
construction investment in such a membrane degasification module, the creation of the vacuum 
environment will greatly increase the plant energy consumption. Biological oxidation of dissolved 
methane using aerobic methanotrophs in the down-flow hanging sponge (DHS) reactors is able to 
oxidize methane and release soluble organic compounds, which was proposed to remove dissolved 
methane from the anaerobic digestion liquor (Hatamoto et al. 2010, Matsuura et al. 2010). 
However, in addition to the dissolved methane removal, other treatment processes need to be 
coupled to the aerobic methane oxidation to remove ammonium from the anaerobic digestion 
liquor. Moreover, a significant amount of dissolved methane would still be stripped during aeration 
when using aerobic methanotrophs for methane oxidation.  
 
In this chapter, a new approach to simultaneous ammonium and dissolved methane removal from 
the anaerobic digestion liquor is proposed. To the best of knowledge, this novel technology through 
integrating PN-Anammox-DAMO process in a single MBfR is developed for the first time and its 
feasibility for achieving simultaneous ammonium and methane removal is assessed using 
mathematical modeling. The separation and counter-diffusion of gaseous and liquid fluxes of the 
MBfR not only render the controlled redox stratification of the biofilm, but also avoid the stripping 
of dissolved methane, which represents a significant advantage over the previous treatment 
processes. Such stratified activity as well as the cooperation between AOB and Anammox bacteria 
in the biofilm is essentially responsible for the high-level TN removal in membrane aerated biofilm 
systems, which is consistent with the findings of Terada et al. (2007) and Pellicer-Nacher et al. 
(2010). The results of this chapter reveal that the simultaneous removal of TN and dissolved 
methane is highly dependent on the relative abundance of Anammox and DAMO bacteria in the 
biofilm, which was also confirmed in a granule-based system by Winkler et al. (2015). Their 
competition for intermediate nitrite produced by AOB would substantially determine the relative 
abundance. The results in Figures 6.3 and 6.5 demonstrate that both a too high influent surface 
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loading (e.g., >0.00075 m d-1) and a too low oxygen surface loading (e.g., <1.64 g m-2 d-1) would 
result in limited nitrite availability, and consequently DAMO bacteria would be mostly 
outcompeted by Anammox bacteria. Thus, appropriate control strategies derived from this chapter 
would benefit the operation of this novel MBfR system. By adjusting the HRT (i.e., influent surface 
loading) and oxygen surface loading whilst maintaining a sufficient and suitable biofilm thickness 
(e.g., Scenario 4 in Table 6.1), the maximum simultaneous removal efficiencies of TN and 
dissolved methane can reach up to 96% and 98% (as shown in Figure 6.5), respectively. With this 
new technology, the TN removal efficiency of the previously applied PN-Anammox process (89%) 
could be improved (e.g., up to 96%) due to the additional contribution from the DAMO 
microorganisms, together with a high-rate dissolved methane removal (e.g., 98%) simultaneously.  
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Figure 6.8. Model simulation results of the PN-Anammox-DAMO biofilm system at a low influent 
dissolved methane concentration of 30 g COD m-3: (A) Microbial population distribution; (B) TN 
and dissolved methane removal efficiencies at the influent dissolved methane concentration of 30 g 
COD m-3 compared to those at 100 g COD m-3. The applied influent surface loading (𝐿𝐼𝑁), oxygen 
surface loading (𝐿𝑂2), and biofilm thickness (𝐿𝑓) are 0.00068 m d
-1, 1.74 g m-2 d-1, and 750 µm, 
respectively. 
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The concept feasibility as further assessed by using a lower dissolved methane concentration (e.g., 
30 g COD m-3) as it might vary in real application. The results shown in Figure 6.8 demonstrate that 
a similar high dissolved methane removal efficiency (>90%) could be achieved, which is 
comparable with that at a high dissolved methane concentration condition, suggesting the validity 
and applicability of the proposed approach to a wide range of dissolved methane concentrations 
possibly in different anaerobic digestion liquors. 
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methane, and sulfide removal in an MBfR 
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Abstract 
In this chapter, the MBfR is proposed to treat both main-stream and side-stream anaerobic digestion 
liquors which contain ammonium, dissolved methane, and sulfide simultaneously. To avoid 
dissolved methane stripping, oxygen is introduced through gas-permeable membranes, which also 
form the substratum for the growth of a biofilm likely comprising AOB, Anammox bacteria, 
DAMO microorganisms, MOB, and sulfur oxidizing bacteria (SOB). A mathematical model was 
developed with incorporation of sulfide bioconversion and applied to assess the feasibility of such a 
system and the associated microbial community structure under different operational conditions. 
The simulation studies demonstrate the feasibility of achieving high-level (>97.0%), simultaneous 
removal of ammonium, dissolved methane, and sulfide in the MBfRs from both main-stream and 
side-stream anaerobic digestion liquors through adjusting the influent surface loading (or HRT) and 
the oxygen surface loading. The optimal HRT was found to be inversely proportional to the 
corresponding oxygen surface loading. Under the optimal operational conditions, AOB, DAMO 
bacteria, MOB, and SOB dominate the biofilm of the main-stream MBfR, while AOB, Anammox 
bacteria, DAMO bacteria, and SOB coexist in the side-stream MBfR to remove ammonium, 
dissolved methane, and sulfide simultaneously. 
 
7.1 Introduction 
7.1.1 Research gaps 
Aerobic-based domestic wastewater treatment in combination with side-stream anaerobic sludge 
digestion has been widely implemented in WWTPs to achieve energy recovery in the form of 
methane whilst fulfilling the purpose of nutrient removal from wastewater. Direct main-stream 
anaerobic digestion of domestic wastewater (McCarty et al. 2011, Vela et al. 2015) is gaining more 
attention owing to its enhanced energy recovery, which makes it possible for WWTPs to function in 
an energy-neutral or even energy-generating manner. In order to meet regulatory discharge 
standards while promoting energy conservation, low-energy demanding downstream processes are 
required to treat main-stream and side-stream anaerobic digestion liquors. Ammonium represents 
the major constituent in the anaerobic digestion liquor. The ammonium concentration in the main-
stream anaerobic digestion liquor ranges between 9 and 67 mg N L-1 (Vela et al. 2015) while that in 
the side-stream anaerobic digestion liquor varies from 500 to 1500 mg N L-1 (Wang et al. 2014).  
 
As discussed in Chapter 6, although the combination of partial nitritation and Anammox has been 
proposed as an ideal treatment process and practiced to achieve high-level nitrogen removal, the 
dissolved methane commonly remaining in the anaerobic digestion liquor will be stripped to the 
atmosphere, causing unwanted methane emissions. In addition to dissolved methane, some 
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anaerobic digestion liquor also contains sulfide (Speece 2008), the level of which depends on the 
wastewater source as well as the efficacy of the anaerobic treatment processes. Sulfide is not only 
malodorous and corrosive (Pikaar et al. 2014) but also toxic to human ((ATSDR) 2014) as well as a 
variety of microorganisms (Chen et al. 2008). Therefore, the existence of dissolved methane and 
sulfide in certain anaerobic digestion liquor should be considered in assessing suitable downstream 
treatment technologies (McCarty et al. 2011). In other words, considerable effort has to be 
dedicated to the management of dissolved methane and sulfide in the anaerobic digestion liquor. In 
fact, sulfide could be used as an additional electron donor to further enhance the nitrogen removal 
(Vela et al. 2015). 
  
The MBfR is particularly suitable for simultaneous removal of ammonium, dissolved methane, and 
sulfide from the anaerobic digestion liquor because biofilm in the MBfR can retain microorganisms 
with distinct characteristics. By supplying oxygen through gas-permeable membranes while 
providing the anaerobic digestion liquor in the bulk liquid, the stripping of dissolved methane could 
be avoided and the concurrent oxidation of ammonium, dissolved methane, and sulfide could be 
microbially catalysed with oxygen as the electron acceptor. Moreover, a redox-stratified 
environment supporting both aerobic and anaerobic metabolisms across the biofilm layers would be 
created in such an MBfR, and biomass can be naturally accumulated in the biofilm at different 
depths. In addition to Anammox bacteria, the presence of nitrite and nitrate produced from 
ammonium oxidation together with the influent nutrients could stimulate the growth of DAMO 
microorganisms (Raghoebarsing et al. 2006) and sulfur oxidizing bacteria (SOB) (Kuenen et al. 
1985) within the biofilm. 
 
Through using methane as the electron donor, DAMO archaea are capable of reducing nitrate to 
nitrite (Haroon et al. 2013) while DAMO bacteria are able to convert nitrite to nitrogen gas (Ettwig 
et al. 2010). SOB can utilize reduced sulfur compounds (e.g., sulfide) as electron donor while using 
oxygen under aerobic conditions and/or nitrogen oxides under anaerobic conditions as electron 
acceptor for respiration (Kuenen et al. 1985). Therefore, the coculture of AOB, Anammox bacteria, 
DAMO microorganisms, MOB, and SOB could be integrated in a single-stage MBfR to likely 
achieve the simultaneous removal of ammonium, dissolved methane, and sulfide from the anaerobic 
digestion liquor. Although a single-stage MBfR has been proposed in Chapter 6 to achieve the 
simultaneous ammonium and dissolved methane removal from the side-stream anaerobic digestion 
liquor, no effort has yet been reported to date to investigate the feasibility of such an MBfR system 
for simultaneous removal of ammonium, dissolved methane, and sulfide, especially from the main-
stream anaerobic digestion liquor. 
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7.1.2 Research objective 
The objective of this chapter is to develop a model and then apply the model to evaluate the 
conceptual feasibility of simultaneous ammonium, dissolved methane, and sulfide removal from 
both main-stream and side-stream anaerobic digestion liquors in single-stage MBfRs. A series of 
simulation scenarios concerning key operational parameters, i.e., influent surface loading (𝐿𝐼𝑁 or 
HRT) and oxygen surface loading (𝐿𝑂2), was carried out through applying previously well-
established species-specific biokinetics. The results of this chapter provide not only first insights 
into the selection pressures on microbial community development in the MBfR biofilm which 
directly determines the system performance, but also useful information for the process design and 
control of such a new technology which may facilitate the plant-wide sustainable operation of 
wastewater treatment systems. 
 
7.2 Materials and Methods 
7.2.1 Biofilm model 
The setup of the simulated MBfR is the same as the one used in Chapter 6. Compressed air is 
supplied in flow-through mode to the membrane module, with the oxygen flux to the biofilm 
controlled through changing either the applied gas pressure or the gas flow rate into the membrane 
lumen. Based on the values reported in literature, the simulated ammonium, dissolved methane, and 
sulfide concentrations are typically set at 50 g N m-3 (Banu et al. 2007, Kobayashi et al. 1983, 
Tawfik et al. 2002), 50 g COD m-3 (Gimenez et al. 2011, Kobayashi et al. 1983), and 30 g S m-3 
(Kobayashi et al. 1983, Speece 2008), respectively, for the main-stream anaerobic digestion liquor, 
while those are 1000 g N m-3 (Winkler et al. 2015), 100 g COD m-3 (Winkler et al. 2015), and 30 g 
S m-3 (Speece 2008), respectively, for the side-stream anaerobic digestion liquor. The influent flow 
rate is varied to regulate the influent surface loading which also corresponds to HRT. 
 
The biofilm model setup in Chapter 6 is applied to this chapter. Biofilm structures are represented 
as a continuum without considering diffusive mass transport of biomass in the biofilm matrix. The 
steady-state biofilm thickness is established by controlling the detachment using a global 
detachment velocity in model simulations. The composition of solids detached from the biofilm 
conforms to their composition at the biofilm surface. The detached particulates are assumed to be 
washed out of the system with the effluent, and no re-attachment of detached particulates is 
considered in the model. The water fraction of the biofilm matrix is kept constant at 0.75, while the 
biomass density is 50000 g COD m-3 (Koch et al. 2000). Mass transfer coefficients for soluble 
components in the liquid phase of the biofilm are set at 0.8-fold of the values in water. Parameters 
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regarding the mass transfer coefficients for nitrogen species and oxygen are selected according to 
Hao et al. (2002). The mass transfer coefficients for sulfate and sulfide are taken from Stewart 
(2003) while that for methane is adopted from Cussler (2003). 
 
7.2.2 Biological model 
The kinetics and stoichiometry of the developed biochemical reaction model are summarized in 
Tables 7.1 and 7.2. The biochemical reaction model describes the metabolic relationships among 
nine particulate species, namely AOB (XAOB), NOB (XNOB), DAMO archaea (XDa), DAMO bacteria 
(XDb), Anammox bacteria (XAn), SOB (XSOB), MOB (XMOB), inert biomass (XI), and elemental sulfur 
(XS), and stoichiometric relationships among eight soluble species, namely ammonium (SNH4), 
nitrite (SNO2), nitrate (SNO3), dinitrogen (𝑆𝑁2), methane (SCH4), oxygen (SO2), sulfide (SS), and sulfate 
(SSO4). For simplification, one population group is applied to represent SOB, which are capable of 
using oxygen, nitrite, or nitrate as electron acceptor, with electrons derived from oxidation of either 
sulfide or elemental sulfur. The possible pathway of sulfate reduction by Anammox bacteria is not 
included, in view of its relatively slow rate compared to the dominant conventional metabolisms of 
Anammox bacteria (Rikmann et al. 2014). 
 
Both growth and decay processes are considered for each species. Kinetic control of all the 
microbial reaction rates is described by the Monod equation, with each reaction rate modeled by an 
explicit function considering all substrates involved (Table 7.1). The reported well-established 
parameter values that have been verified experimentally are used in this chapter to characterize the 
metabolisms of nitrifying bacteria (i.e., AOB and NOB), DAMO microorganisms, SOB, and MOB. 
In particular, considering the reported multiple metabolic pathways of SOB (Kuenen et al. 1985), 
biological conversions of sulfur species involving different electron donors (sulfide and elemental 
sulfur) and electron acceptors (oxygen, nitrate, and nitrite) are modeled comprehensively, as shown 
in processes 13-17 in Tables 7.1 and 7.2. The potential inhibition effect of sulfide on Anammox 
bacteria is not incorporated into this model, considering the contradictory conclusions reported (Jin 
et al. 2013). In addition, the applied sulfide concentration of 30 mg L-1 in this chapter is much lower 
than the possible sulfide inhibition levels (Jin et al. 2012, Jin et al. 2013) and thus might not exert a 
significant effect on Anammox. However, the model could be readily expanded or modified to 
include this impact if sulfide inhibition becomes important in the system. Table 7.3 shows the 
definitions, values, units, and sources of all parameters used in the biochemical reaction model. 
 
7.2.3 Simulation scenarios 
Four different scenarios are considered for both main-stream and side-stream MBfRs in this 
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chapter, as detailed in Table 7.4. The conditions for the first simulation scenario (Scenario 0 of 
Table 7.4) are selected in order to clearly and representatively demonstrate the mechanisms behind 
the system performance, which is realized through generating depth profiles of substrates (including 
nitrogen species, DO, dissolved methane, and sulfur species) and microbial community distribution 
in the MBfR biofilm. 𝐿𝐼𝑁, 𝐿𝑂2, and 𝐿𝑓 are 0.0027 m d
-1 (i.e., an HRT of 1.5 days), 0.52 g m-2 d-1, 
and 300 µm for the main-stream MBfR, respectively, while 0.001 m d-1 (i.e., an HRT of 4 days), 
3.65 g m-2 d-1, and 750 µm for the side-stream MBfR, respectively. Scenarios 1 and 2 in Table 7.4 
investigate the effects of 𝐿𝐼𝑁 and 𝐿𝑂2, respectively, on the removal efficiencies of ammonium, 
dissolved methane, and sulfide and the microbial community structure of main-stream and side-
stream MBfR biofilms at steady state. The operational parameters for simulation are chosen 
systematically over wide ranges of 𝐿𝐼𝑁 (main-stream condition: 0.002 – 0.0063 m d
-1, side-stream 
condition: 0.0007 – 0.002 m d-1) and 𝐿𝑂2 (main-steam condition: 0.28 – 2 g m
-2 d-1, side-steam 
condition: 1 – 5.84 g m-2 d-1). Scenario 3 in Table 7.4 examines the combined impact of 𝐿𝐼𝑁 and 
𝐿𝑂2 on the process performance and optimizes the operation of main-stream and side-stream 
MBfRs to achieve the simultaneous removal of ammonium, dissolved methane, and sulfide. 
 
For each simulation scenario, the initial concentrations of all soluble components are assumed to be 
zero in the biofilm and in the bulk liquid. An average biofilm thickness is applied in the model 
without consideration of its variation with locations. All simulations assume an initial biofilm 
thickness of 20 µm. Compared to the side-stream MBfR, the main-stream MBfR usually undergoes 
a shorter HRT, giving rise to a greater shear force. Therefore, a lower steady-state biofilm thickness 
is used to simulate the main-stream MBfR (i.e., 300 µm) while a higher steady-state biofilm 
thickness is considered for the side-stream MBfR (i.e., 750 µm, same as Chapter 6). Simulations are 
typically run for up to 1000 days to reach steady-state conditions in terms of effluent quality, 
biofilm thickness, and biomass compositions in biofilm. The steady-state TN, dissolved methane, 
and sulfide removal efficiencies are used to evaluate the performance of the MBfR. 
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Table 7.1. Process kinetic rate equations for the biological reaction model in Chapter 7 
Process Kinetics rates expressions 
AOB 
1. Growth of AOB 𝜇𝐴𝑂𝐵
𝑆𝑁𝐻4
𝑆𝑁𝐻4 + 𝐾𝑁𝐻4
𝐴𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑂𝐵 𝑋𝐴𝑂𝐵 
2. Decay of AOB 𝑏𝐴𝑂𝐵𝑋𝐴𝑂𝐵 
NOB 
3. Growth of NOB 𝜇𝑁𝑂𝐵
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝑁𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝑁𝑂𝐵 𝑋𝑁𝑂𝐵 
4. Decay of NOB 𝑏𝑁𝑂𝐵𝑋𝑁𝑂𝐵 
DAMO archaea 
5. Growth of DAMO archaea 𝜇𝐷𝑎
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝐷𝑎
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑎
𝐾𝑂2
𝐷𝑎
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑎
𝐾𝐼,𝑁𝑂2
𝐷𝑎
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐷𝑎 𝑋𝐷𝑎 
6. Decay of DAMO archaea 𝑏𝐷𝑎𝑋𝐷𝑎 
DAMO bacteria 
7. Growth of DAMO 
bacteria 
𝜇𝐷𝑏
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐷𝑏
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝐷𝑏
𝐾𝑂2
𝐷𝑏
𝑆𝑂2 + 𝐾𝑂2
𝐷𝑏
𝐾𝐼,𝑁𝑂2
𝐷𝑏
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐷𝑏 𝑋𝐷𝑏 
8. Decay of DAMO bacteria 𝑏𝐷𝑏𝑋𝐷𝑏 
Anammox bacteria 
9. Growth of Anammox 𝜇𝐴𝑛
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝐴𝑛
𝑆𝑁𝐻4
𝑆𝑁𝐻4 + 𝐾𝑁𝐻4
𝐴𝑛
𝐾𝑂2
𝐴𝑛
𝑆𝑂2 + 𝐾𝑂2
𝐴𝑛
𝐾𝐼,𝑁𝑂2
𝐴𝑛
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝐴𝑛 𝑋𝐴𝑛 
10. Decay of Anammox 𝑏𝐴𝑛𝑋𝐴𝑛 
MOB 
11. Growth of MOB 𝜇𝑀𝑂𝐵
𝑆𝐶𝐻4
𝑆𝐶𝐻4 + 𝐾𝐶𝐻4
𝑀𝑂𝐵
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝑀𝑂𝐵 𝑋𝑀𝑂𝐵 
12. Decay of MOB 𝑏𝑀𝑂𝐵𝑋𝑀𝑂𝐵 
SOB 
13. Aerobic sulfide 
oxidization (R1) 
𝜇𝑆𝑂𝐵
𝑅1
𝑆𝑆
𝑆𝑆 + 𝐾𝑆
𝑅1
𝑆𝑂2
𝑆𝑂2 + 𝐾𝑂2
𝑅1 𝑋𝑆𝑂𝐵 
14. Sulfide-based nitrate-
dependent denitrification 
(R2) 
𝜇𝑆𝑂𝐵
𝑅2
𝑆𝑆
𝑆𝑆 + 𝐾𝑆
𝑅2 + (𝑆𝑆)2/𝐾𝐼,𝑆
𝑅2
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝑅2
𝐾𝐼,𝑁𝑂2
𝑅2
𝑆𝑁𝑂2 + 𝐾𝐼,𝑁𝑂2
𝑅2 𝑋𝑆𝑂𝐵 
15. Sulfide-based nitrite-
dependent denitrification 
(R3) 
𝜇𝑆𝑂𝐵
𝑅3
𝑆𝑆
𝑆𝑆 + 𝐾𝑆
𝑅3 + (𝑆𝑆)2/𝐾𝐼,𝑆
𝑅3
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝑅3 + (𝑆𝑁𝑂2)2/𝐾𝐼,𝑁𝑂2
𝑅3 𝑋𝑆𝑂𝐵 
16. Sulfur-based nitrate-
dependent denitrification 
(R4) 
𝜇𝑆𝑂𝐵
𝑅4
𝑋𝑆
𝑋𝑆 + 𝐾𝑆
𝑅4
𝑆𝑁𝑂3
𝑆𝑁𝑂3 + 𝐾𝑁𝑂3
𝑅4 𝑋𝑆𝑂𝐵 
17. Sulfur-based nitrite-
dependent denitrification 
(R5) 
𝜇𝑆𝑂𝐵
𝑅5
𝑋𝑆
𝑋𝑆 + 𝐾𝑆
𝑅5
𝑆𝑁𝑂2
𝑆𝑁𝑂2 + 𝐾𝑁𝑂2
𝑅5 𝑋𝑆𝑂𝐵 
18. Decay of SOB 𝑏𝑆𝑂𝐵𝑋𝑆𝑂𝐵 
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Table 7.2. Stoichiometric matrix for the biological reaction model in Chapter 7 
Variable 
Process 
SNH4 
N 
SNO2 
N 
SNO3 
N 
SN2 
N 
SCH4 
COD 
SS 
S 
XS 
S 
SSO4 
S 
SO2 
O2 
XAOB 
COD 
XNOB 
COD 
XDa 
COD 
XDb 
COD 
XAn 
COD 
XMOB 
COD 
XSOB 
COD 
XI 
COD 
1 −𝑖𝑁𝐵𝑀 −
1
𝑌𝐴𝑂𝐵
 
1
𝑌𝐴𝑂𝐵
       −
3.43 − 𝑌𝐴𝑂𝐵
𝑌𝐴𝑂𝐵
 1        
2 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼         −1       𝑓𝐼 
3 −𝑖𝑁𝐵𝑀 −
1
𝑌𝑁𝑂𝐵
 
1
𝑌𝑁𝑂𝐵
      −
1.14 − 𝑌𝑁𝑂𝐵
𝑌𝑁𝑂𝐵
  1       
4 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼          −1      𝑓𝐼 
5 −𝑖𝑁𝐵𝑀 
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
 −
1 − 𝑌𝐷𝑎
1.14𝑌𝐷𝑎
  −
1
𝑌𝐷𝑎
       1      
6 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼           −1     𝑓𝐼 
7 −𝑖𝑁𝐵𝑀 −
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
  
1 − 𝑌𝐷𝑏
1.71𝑌𝐷𝑏
 −
1
𝑌𝐷𝑏
        1     
8 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼            −1    𝑓𝐼 
9 −𝑖𝑁𝐵𝑀 −
1
𝑌𝐴𝑛
 −
1
𝑌𝐴𝑛
−
1
1.14
 
1
1.14
 
2
𝑌𝐴𝑛
          1    
10 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼             −1   𝑓𝐼 
11 −𝑖𝑁𝐵𝑀    −
1
𝑌𝑀𝑂𝐵
    −
1 − 𝑌𝑀𝑂𝐵
𝑌𝑀𝑂𝐵
      1   
12 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼              -1  𝑓𝐼 
13 −𝑖𝑁𝐵𝑀     −
1
𝑌𝑆𝑂𝐵
 
1
𝑌𝑆𝑂𝐵
  −
1 − 2𝑌𝑆𝑂𝐵
2𝑌𝑆𝑂𝐵
       1  
14 −𝑖𝑁𝐵𝑀 
1 − 2𝑌𝑆𝑂𝐵
2.29𝑌𝑆𝑂𝐵
 −
1 − 2𝑌𝑆𝑂𝐵
2.29𝑌𝑆𝑂𝐵
   −
1
𝑌𝑆𝑂𝐵
 
1
𝑌𝑆𝑂𝐵
         1  
15 −𝑖𝑁𝐵𝑀 −
1 − 2𝑌𝑆𝑂𝐵
3.43𝑌𝑆𝑂𝐵
  
1 − 2𝑌𝑆𝑂𝐵
3.43𝑌𝑆𝑂𝐵
  −
1
𝑌𝑆𝑂𝐵
 
1
𝑌𝑆𝑂𝐵
         1  
16 −𝑖𝑁𝐵𝑀 
1.5 − 𝑌𝑆𝑂𝐵
1.14𝑌𝑆𝑂𝐵
 −
1.5 − 𝑌𝑆𝑂𝐵
1.14𝑌𝑆𝑂𝐵
    −
1
𝑌𝑆𝑂𝐵
 
1
𝑌𝑆𝑂𝐵
        1  
17 −𝑖𝑁𝐵𝑀 −
1.5 − 𝑌𝑆𝑂𝐵
1.71𝑌𝑆𝑂𝐵
  
1.5 − 𝑌𝑆𝑂𝐵
1.71𝑌𝑆𝑂𝐵
   −
1
𝑌𝑆𝑂𝐵
 
1
𝑌𝑆𝑂𝐵
        1  
18 𝑖𝑁𝐵𝑀 − 𝑖𝑁𝑋𝐼 ∗ 𝑓𝐼               -1 𝑓𝐼 
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 Table 7.3. Stoichiometric and kinetic parameters of the developed model in Chapter 7 
Parameter Definition Value Unit Source 
Stoichiometric parameters 
𝑌𝐴𝑂𝐵 Yield coefficient for AOB 0.150 g COD g
-1 N (Wiesmann 1994) 
𝑌𝑁𝑂𝐵 Yield coefficient for NOB 0.041 g COD g
-1 N (Wiesmann 1994) 
𝑌𝐷𝑎 Yield coefficient for DAMO archaea 0.071 g COD g
-1 COD Chapter 4 
𝑌𝐷𝑏 Yield coefficient for DAMO bacteria 0.055 g COD g
-1 COD Chapter 4 
𝑌𝐴𝑛 Yield coefficient for Anammox 0.159 g COD g
-1 N (Strous et al. 1998) 
𝑌𝑀𝑂𝐵  Yield coefficient for MOB 0.19 g COD g
-1 COD (Daelman et al. 2014) 
𝑌𝑆𝑂𝐵 Yield coefficient for SOB 0.128 g COD g
-1 S (Xu et al. 2013) 
𝑖𝑁𝐵𝑀 Nitrogen content of biomass 0.07 g N g
-1 COD (Henze et al. 2000) 
𝑖𝑁𝑋𝐼  Nitrogen content of XI 0.02 g N g
-1 COD (Henze et al. 2000) 
𝑓𝐼 Fraction of XI in biomass decay 0.10 g COD g
-1 COD (Henze et al. 2000) 
AOB 
𝜇𝐴𝑂𝐵  Maximum growth rate of AOB 0.0854 h
-1 (Wiesmann 1994) 
𝑏𝐴𝑂𝐵 Decay rate coefficient of AOB 0.0054 h
-1 (Wiesmann 1994) 
𝐾𝑁𝐻4
𝐴𝑂𝐵  𝑆𝑁𝐻4 affinity constant for AOB 2.4 g N m
-3 (Wiesmann 1994) 
𝐾𝑂2
𝐴𝑂𝐵  𝑆𝑂2 affinity constant for AOB 0.6 g COD m
-3 (Wiesmann 1994) 
NOB 
𝜇𝑁𝑂𝐵 Maximum growth rate of NOB 0.0604 h
-1 (Wiesmann 1994) 
𝑏𝑁𝑂𝐵  Decay rate coefficient of NOB 0.0025 h
-1 (Wiesmann 1994) 
𝐾𝑁𝑂2
𝑁𝑂𝐵 𝑆𝑁𝑂2 affinity constant for NOB 5.5 g N m
-3 (Wiesmann 1994) 
𝐾𝑂2
𝑁𝑂𝐵 𝑆𝑂2 affinity constant for NOB 2.2 g COD m
-3 (Wiesmann 1994) 
DAMO archaea 
𝜇𝐷𝑎 Maximum growth rate of DAMO archaea 0.00151 h
-1 Chapter 4 
𝑏𝐷𝑎 Decay rate coefficient of DAMO archaea 0.00018 h
-1 Chapter 4 
𝐾𝑁𝑂3
𝐷𝑎  𝑆𝑁𝑂3 affinity constant for DAMO archaea 0.11 g N m
-3 Chapter 4 
𝐾𝐶𝐻4
𝐷𝑎  𝑆𝐶𝐻4 affinity constant for DAMO archaea 0.0384 g COD m
-3 
(Raghoebarsing et al. 
2006) 
𝐾𝑂2
𝐷𝑎 𝑆𝑂2 inhibition constant for DAMO archaea 0.64 g COD m
-3 (Lopes et al. 2011) 
𝐾𝐼,𝑁𝑂2
𝐷𝑎  
𝑆𝑁𝑂2 inhibition constant for DAMO 
archaea 
57.4 g N m-3 (He et al. 2013) 
DAMO bacteria 
𝜇𝐷𝑏 Maximum growth rate of DAMO bacteria 0.0018 h
-1 Chapter 4 
𝑏𝐷𝑏 Decay rate coefficient of DAMO bacteria 0.00018 h
-1 Chapter 4 
𝐾𝑁𝑂2
𝐷𝑏  𝑆𝑁𝑂2 affinity constant for DAMO bacteria 0.01 g N m
-3 Chapter 4 
𝐾𝐶𝐻4
𝐷𝑏  𝑆𝐶𝐻4 affinity constant for DAMO bacteria 0.0384 g COD m
-3 
(Raghoebarsing et al. 
2006) 
𝐾𝑂2
𝐷𝑏 𝑆𝑂2 inhibition constant for DAMO bacteria 0.64 g COD m
-3 (Lopes et al. 2011) 
𝐾𝐼,𝑁𝑂2
𝐷𝑏  𝑆𝑁𝑂2 inhibition constant for DAMO 57.4 g N m
-3 (He et al. 2013) 
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bacteria 
Anammox bacteria 
𝜇𝐴𝑛 Maximum growth rate of Anammox 0.003 h
-1 (Koch et al. 2000) 
𝑏𝐴𝑛 Decay rate coefficient of Anammox 0.00013 h
-1 (Hao et al. 2002) 
𝐾𝑁𝑂2
𝐴𝑛  𝑆𝑁𝑂2 affinity constant for Anammox 0.05 g N m
-3 (Hao et al. 2002) 
𝐾𝑁𝐻4
𝐴𝑛  𝑆𝑁𝐻4 affinity constant for Anammox 0.07 g N m
-3 (Strous et al. 1998) 
𝐾𝑂2
𝐴𝑛 𝑆𝑂2 inhibition constant for Anammox 0.01 g COD m
-3 (Strous et al. 1998) 
𝐾𝐼,𝑁𝑂2
𝐴𝑛  𝑆𝑁𝑂2 inhibition constant for Anammox 400 g N m
-3 (Lotti et al. 2012) 
MOB 
𝜇𝑀𝑂𝐵 Maximum growth rate of MOB 0.0625 h
-1 (Daelman et al. 2014) 
𝑏𝑀𝑂𝐵  Decay rate coefficient of MOB 0.01 h
-1 (Daelman et al. 2014) 
𝐾𝐶𝐻4
𝑀𝑂𝐵 𝑆𝐶𝐻4 affinity constant for MOB 0.24 g COD m
-3 (Daelman et al. 2014) 
𝐾𝑂2
𝑀𝑂𝐵 𝑆𝑂2 affinity constant for MOB 0.2 g COD m
-3 (Daelman et al. 2014) 
SOB 
𝜇𝑆𝑂𝐵
𝑅1  Maximum reaction rate of R1 0.028 h-1 (Xu et al. 2013) 
𝜇𝑆𝑂𝐵
𝑅2  Maximum reaction rate of R2 0.245 h-1 (Xu et al. 2014) 
𝜇𝑆𝑂𝐵
𝑅3  Maximum reaction rate of R3 0.135 h-1 (Xu et al. 2014) 
𝜇𝑆𝑂𝐵
𝑅4  Maximum reaction rate of R4 0.020 h-1 (Xu et al. 2014) 
𝜇𝑆𝑂𝐵
𝑅5  Maximum reaction rate of R5 0.083 h-1 (Xu et al. 2014) 
𝑏𝑆𝑂𝐵  Decay rate coefficient of SOB 0.002 h
-1 (Wang et al. 2010) 
𝐾𝑆
𝑅1 𝑆𝑆 affinity constant for R1 11 g S m
-3 (Xu et al. 2013) 
𝐾𝑂2
𝑅1 𝑆𝑂2 affinity constant for R1 200 g COD m
-3 (Xu et al. 2013) 
𝐾𝑆
𝑅2 𝑆𝑆 affinity constant for R2 1.36 g S m
-3 (Xu et al. 2014) 
𝐾𝐼,𝑆
𝑅2 𝑆𝑆 inhibition constant for R2 2053.2 g S m
-3 (Xu et al. 2014) 
𝐾𝑁𝑂3
𝑅2  𝑆𝑁𝑂3 affinity constant for R2 0.20 g N m
-3 (Xu et al. 2014) 
𝐾𝐼,𝑁𝑂2
𝑅2  𝑆𝑁𝑂2 inhibition constant for R2 0.698 g N m
-3 (Xu et al. 2014) 
𝐾𝑆
𝑅3 𝑆𝑆 affinity constant for R3 1.80 g S m
-3 (Xu et al. 2014) 
𝐾𝐼,𝑆
𝑅3 𝑆𝑆 inhibition constant for R3 1.38 g S m
-3 (Xu et al. 2014) 
𝐾𝑁𝑂2
𝑅3  𝑆𝑁𝑂2 affinity constant for R3 0.21 g N m
-3 (Xu et al. 2014) 
𝐾𝐼,𝑁𝑂2
𝑅3  𝑆𝑁𝑂2 inhibition constant for R3 0.65 g N m
-3 (Xu et al. 2014) 
𝐾𝑆
𝑅4 𝑋𝑆 affinity constant for R4 0.215 g S m
-3 (Xu et al. 2014) 
𝐾𝑁𝑂3
𝑅4  𝑆𝑁𝑂3 affinity constant for R4 0.183 g N m
-3 (Xu et al. 2014) 
𝐾𝑆
𝑅5 𝑋𝑆 affinity constant for R5 174.51 g S m
-3 (Xu et al. 2014) 
𝐾𝑁𝑂2
𝑅5  𝑆𝑁𝑂2 affinity constant for R5 0.107 g N m
-3 (Xu et al. 2014) 
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Table 7.4. An overview of the simulation scenarios for the reported results in Chapter 7 
 Scenarios Simulation conditions Variable conditions 
Scenario 0 
Standard 
simulation 
Main-Stream 
SNH4 = 50 g N m
-3  
SCH4 = 50 g COD m
-3 
SS = 30 g S m
-3 
LIN = 0.0027 m d
-1 
LO2 = 0.52 g m
-2 d-1 
Lf = 300 µm 
 
Side-Stream 
SNH4 = 1000 g N m
-3  
SCH4 = 100 g COD m
-3 
SS = 30 g S m
-3 
LIN = 0.001 m d
-1 
LO2 = 3.65 g m
-2 d-1 
Lf = 750 µm 
 
Scenario 1 
Effect of LIN  
Main-Stream 
SNH4 = 50 g N m
-3  
SCH4 = 50 g COD m
-3 
SS = 30 g S m
-3 
LO2 = 0.52 g m
-2 d-1 
Lf = 300 µm 
 
LIN = 0.002 – 0.0063 m d-1  
 
Side-Stream 
SNH4 = 1000 g N m
-3  
SCH4 = 100 g COD m
-3 
SS = 30 g S m
-3 
LO2 = 3.65 g m
-2 d-1 
Lf = 750 µm 
LIN = 0.0007 – 0.002 m d-1 
Scenario 2 
Effect of LO2 
Main-Stream 
SNH4 = 50 g N m
-3  
SCH4 = 50 g COD m
-3 
SS  = 30 g S m
-3 
LIN = 0.0027 m d
-1 
Lf = 300 µm 
 
LO2 = 0.28 – 0.8 g m-2 d-1 
 
Side-Stream 
SNH4 = 1000 g N m
-3  
SCH4 = 100 g COD m
-3 
SS = 30 g S m
-3 
LIN = 0.001 m d
-1 
Lf = 750 µm 
LO2 = 1 – 5.84 g m-2 d-1 
Scenario 3 
Combined 
effect of LIN 
and LO2 
Main-Stream 
SNH4 = 50 g N m
-3  
SCH4 = 50 g COD m
-3 
SS = 30 g S m
-3 
Lf = 300 µm
 
LIN = 0.002 – 0.0053 m d-1 
HRT= 0.75 – 2 day  
LO2 = 0.4 – 1 g m-2 d-1 
Side-Stream 
SNH4 = 1000 g N m
-3  
SCH4 = 100 g COD m
-3 
SS = 30 g S m
-3 
Lf = 750 µm 
LIN = 0.0008 – 0.002 m d-1 
HRT= 2 – 5 day  
LO2 = 1 – 8 g m-2 d-1 
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7.3 Results and Discussion 
7.3.1 Simultaneous ammonium, dissolved methane, and sulfide removal 
By applying the developed model detailed in Tables 7.1-7.3, the influent and effluent characteristics 
and system performance of the steady-state main-stream and side-stream MBfRs under the 
operational conditions of Scenario 0 (Table 7.4) are simulated and then shown in Table 7.5. For the 
main-stream MBfR, the influent ammonium (50 g N m-3), dissolved methane (50 g COD m-3), and 
sulfide (30 g S m-3) are significantly removed, with concentrations of 3.6 g N m-3, 0.7 g COD m-3, 
and 0.3 g S m-3 in the effluent, respectively. Neither nitrite nor nitrate is produced, while the formed 
sulfate is dominant in the effluent. The resulting TN, dissolved methane, and sulfide removal 
efficiencies are 92.8%, 98.6%, and 99.0%, respectively. Comparatively, the TN, dissolved methane, 
and sulfide removal efficiencies reach up to 96.8%, 99.8%, and 99.7%, respectively, for the side-
stream MBfR with the influent ammonium, dissolved methane, and sulfide concentrations of 1000 g 
N m-3, 100 g COD m-3, and 30 g S m-3, respectively. The effluent contains mainly ammonium (7.2 g 
N m-3), nitrite (6.1 g N m-3), nitrate (19.1 g N m-3), and sulfate (29.9 g S m-3). The high-level 
removal proves the feasibility of the proposed MBfR to achieve simultaneous ammonium, dissolved 
methane, and sulfide removal from both main-stream and side-stream anaerobic digestion liquors. 
 
Table 7.5. System performance of the MBfRs under the conditions of scenario 0 in Table 7.4 
Characteristics/performance Influent Effluent 
Main-stream 
Ammonium, NH4
+ (g N m-3) 50 3.6 
Methane, CH4 (g COD m
-3) 50 0.7 
Sulfide, S2- (g S m-3) 30 0.3 
Nitrite, NO2
- (g N m-3) 0 0 
Nitrate, NO3
- (g N m-3) 0 0 
Sulfate, SO4
2- (g S m-3) 0 29.7 
TN removal efficiency (%) 92.8 
CH4 removal efficiency (%) 98.6 
S2- removal efficiency (%) 99.0 
Side-stream 
Ammonium, NH4
+ (g N m-3) 1000 7.2 
Methane, CH4 (g COD m
-3) 100 0.2 
Sulfide, S2- (g S m-3) 30 0.1 
Nitrite, NO2
- (g N m-3) 0 6.1 
Nitrate, NO3
- (g N m-3) 0 19.1 
Sulfate, SO4
2- (g S m-3) 0 29.9 
TN removal efficiency (%) 96.8 
CH4 removal efficiency (%) 99.8 
S2- removal efficiency (%) 99.7 
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7.3.2 Microbial community structure and substrate profiles in the biofilm 
The steady-state microbial population distribution and the concentration profiles of substrates and 
products within the biofilms of main-stream and side-stream MBfRs under the operational 
conditions of Scenario 0 (Table 7.4) are shown in Figure 7.1. In the main-stream MBfR biofilm, 
AOB are dominant at the base of the biofilm from 0 to 50 μm in symbiosis with MOB, while 
DAMO bacteria dominate the outer layer of the biofilm from 100 μm to 300 μm. SOB are the 
dominant species in the middle layer but widely distributed from 0 to 200 μm (Figure 7.1.A). The 
corresponding substrate and product profiles within the biofilm are shown in Figures 7.1.B and 
7.1.C. DO decreases in the inner layer of the biofilm from 0 to 50 μm due to its consumption by 
AOB and MOB, which is consistent with the distribution of AOB and MOB in Figure 7.1.A. NH4
+ 
concentration decreases from the surface to the base of the biofilm, while NO2
- drops below 0.01 g 
N m-3 at the biofilm thickness of over 150 μm. CH4 decreases continuously towards the base of the 
biofilm as the result of its consumption by DAMO bacteria in the outer layer and MOB in the inner 
layer of the biofilm. NO3
- is not present throughout the biofilm owing to the absence of NOB and 
Anammox bacteria under the simulation conditions of Scenario 0, which thus constrains the growth 
of DAMO archaea (Figure 7.1.A). S2- and hence S gradually decrease from the surface to the base 
of the biofilm due to the consumption by SOB, while the produced SO4
2- remains around 30.0 g S 
m-3 throughout the biofilm (Figure 7.1.C). 
 
A different microbial distribution is observed within the side-stream MBfR biofilm, as shown in 
Figure 7.1.D. AOB dominate the inner layer of the biofilm from 0 to 175 μm. In contrast, 
Anammox bacteria are dominant in the outer layer of the biofilm from 175 μm to 750 μm, with the 
coexistence of small fractions of SOB and DAMO bacteria (both < 0.1) at the surface of the 
biofilm. Figures 7.1.E and 7.1.F illustrate the associated substrate profiles within the side-stream 
MBfR biofilm. DO quickly decreases in the inner layer of the biofilm as the result of its 
consumption by AOB. Mainly due to the contribution from Anammox bacteria, NO2
- decreases 
from the base towards the surface of the biofilm, while an opposite trend is observed for NH4
+ 
(Figure 7.1.E). CH4 is consumed by DAMO bacteria and therefore quickly decreases in the outer 
layer of the biofilm. Because of the extremely low fraction of DAMO archaea in the biofilm under 
the simulation conditions of Scenario 0 (Figure 7.1.D), NO3
- produced by Anammox bacteria 
remains almost constant at 19.1 g N m-3 across the biofilm range (Figure 7.1.E). S2- and hence S 
slightly decrease at the surface due to the consumption by a small number of SOB therein, while the 
produced SO4
2- remains constant throughout the biofilm (Figure 7.1.F). These observations reveal 
the specific microbial stratification in the biofilms of main-stream and side-stream MBfRs to 
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achieve simultaneous ammonium, dissolved methane, and sulfide removal, which is due to the 
counter diffusion of gaseous oxygen from the membrane lumen and dissolved substrates from the 
bulk liquid. 
 
Figure 7.1 Modeling results of the MBfR for the simultaneous removal of ammonium, dissolved 
methane, and sulfide from main-stream (A, B, and C) and side-stream (D, E, and F) anaerobic 
digestion liquors based on Scenario 0 in Table 7.4 (depth zero represents the membrane surface at 
the base of the biofilm): (A and D) Microbial population distribution; (B and E) distribution profiles 
of nitrogen species, methane, and dissolved oxygen; and (C and F) distribution profiles of sulfur 
species. 
 
7.3.3 Sensitivity analysis 
The simulation results might be dependent on the proper selection of model parameter values. 
Therefore, considering the various sources of model parameters, a sensitivity analysis was 
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conducted to evaluate the model structure and to investigate the most determinant biokinetic 
parameters on the system performance of the proposed main-stream and side-stream MBfRs in 
terms of TN, dissolved methane, and sulfide removal using the AQUASIM built-in algorithms, with 
results shown in Figures 7.2 and 7.3, respectively. Specifically, as demonstrated in Figure 7.2, the 
TN removal efficiency of the main-stream MBfR is most sensitive to AOB-related biokinetic 
parameters, which represents the decisive role of AOB in the nitrogen removal of the main-stream 
MBfR. In contrast, the dissolved methane and sulfide removal efficiencies are most dependent on 
MOB-related parameters. These parameters affect the microbial competition between MOB and 
DAMO bacteria for the influent methane supply, which directly determines the dissolved methane 
removal. The sulfide removal is consequently affected due to the competition of SOB against 
DAMO bacteria for the availability of intermediate nitrite produced by AOB as electron acceptor. 
 
Figure 7.2. Sensitivity function for TN, dissolved methane, and sulfide removal efficiencies in the 
main-stream MBfR. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) are 0.0027 m d
-1, 0.52 g m-2 d-1, and 300 µm, respectively. 
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For the side-stream MBfR, the TN and sulfide removal efficiencies are more sensitive to model 
parameters, compared to the dissolved methane removal efficiency (Figure 7.3). On the whole, the 
most sensitive parameters for the performance are the yield coefficients for Anammox bacteria 
(𝑌𝐴𝑛) and AOB (𝑌𝐴𝑂𝐵), and maximum growth rates of DAMO archaea (𝜇𝐷𝑎), DAMO bacteria (𝜇𝐷𝑏) 
and Anammox bacteria (𝜇𝐴𝑛). These parameters directly regulate the microbial community 
structure in the side-stream MBfR biofilm, which therefore determines the system performance.  
 
Figure 7.3. Sensitivity function for TN, dissolved methane, and sulfide removal efficiencies in the 
side-stream MBfR. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) are 0.001 m d
-1, 3.65 g m-2 d-1, and 750 µm, respectively. 
 
It should be noted that the system performance of both main-stream and side-stream MBfRs is 
relatively less sensitive to the parameters related to SOB under the studied operational conditions 
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(Figures 7.2 and 7.3). This confirms the rationality and applicability of the obtained simulation 
trends despite the slight difference in the environments for SOB between the source studies (Xu et 
al. 2013, Xu et al. 2014) and this chapter. Technically in the future application of the model, it is 
not practical to measure all of the numerous biokinetic parameters involved. In fact, accurate 
determination of those particularly sensitive to the performance of main-stream or side-stream 
MBfR (as discussed herein) in combination with reported values of other parameters could 
significantly reduce the workload while generating reliable results. Nevertheless, the model would 
be greatly improved while the simulation outcomes further validated upon the advent of the 
practical demonstration of the proposed MBfRs. 
 
7.3.4 Impact of influent surface loading on the MBfR 
The impact of 𝐿𝐼𝑁 on the TN, dissolved methane, and sulfide removal, and the microbial abundance 
in the biofilm of the main-stream MBfR (Scenario 1 in Table 7.4) is delineated in Figure 7.4.A. 
With the increase of 𝐿𝐼𝑁 to 0.0027 m d
-1, the TN removal efficiency increases to the maximum of 
92.8% while the sulfide removal efficiency stays above 99.0%. Further increase in 𝐿𝐼𝑁 results in the 
decrease of the TN and sulfide removal efficiencies, reaching 31.2% and 50.9% at 𝐿𝐼𝑁 of 0.005 m 
d-1, respectively. When 𝐿𝐼𝑁 exceeds 0.005 m d
-1, the TN removal efficiency slightly recovers to 
50.3% at 𝐿𝐼𝑁 of 0.0053 m d
-1 but shows a downward trend thereafter. In contrast, the sulfide 
removal efficiency quickly drops to zero at 𝐿𝐼𝑁 of over 0.0053 m d
-1. Across the whole range of 𝐿𝐼𝑁 
studied, the dissolved methane removal efficiency only slightly drops from 99.9% at 𝐿𝐼𝑁 of 0.002 m 
d-1 to 95.7% at 𝐿𝐼𝑁 of 0.0063 m d
-1. The varied system performance of the main-stream MBfR is 
caused by the different microbial structure in the biofilm shaped by different 𝐿𝐼𝑁. As shown in 
Figure 7.4.A, AOB, DAMO bacteria, and SOB dominate the biofilm of the main-stream MBfR with 
small fractions of Anammox bacteria, DAMO archaea, and NOB at the relatively low 𝐿𝐼𝑁. With the 
increase of 𝐿𝐼𝑁 to 0.0027 m d
-1, Anammox bacteria, DAMO archaea, and NOB disappear from the 
biofilm while the abundance of DAMO bacteria gradually increases, thus resulting in nearly 
unchanged dissolved methane and sulfide removal efficiencies but growing TN removal efficiency. 
At 𝐿𝐼𝑁 of 0.0027 m d
-1 with the maximum TN removal efficiency of 92.8%, AOB, DAMO bacteria, 
MOB, and SOB coexist in the biofilm, accounting for 15%, 50%, 5%, and 30% of the active 
biomass, respectively. Further increase in 𝐿𝐼𝑁 favors the competition of MOB against DAMO 
bacteria over the increasing influent methane supply. Therefore, the abundance of DAMO bacteria 
significantly drops to around zero at 𝐿𝐼𝑁 of more than 0.0033 m d
-1, while that of MOB gradually 
increases with 𝐿𝐼𝑁. When 𝐿𝐼𝑁 surpasses 0.005 m d
-1, DAMO bacteria outcompete MOB for 
methane as electron donor and SOB for intermediate nitrite as electron acceptor. As the result, AOB 
and DAMO bacteria dominate the biofilm, leading to the sharp gain in the TN removal efficiency 
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but abrupt drop of the sulfide removal efficiency to zero at 𝐿𝐼𝑁 of 0.0053 m d
-1. At higher 𝐿𝐼𝑁 with 
excessive methane supply in the influent which benefits the growth of MOB, MOB reappear in the 
biofilm at the expense of the decreasing abundance of DAMO bacteria, which causes the decline in 
the TN removal efficiency (Figure 7.4.A). 
 
Figure 7.4. Modeling results of the effects of influent surface loading (𝐿𝐼𝑁) on the main-stream (A) 
and side-stream (B) MBfRs based on Scenario 1 in Table 7.4. 
 
In contrast, a different relationship as shown in Figure 7.4.B is observed between 𝐿𝐼𝑁 and the 
performance as well as the microbial community structure of the side-stream MBfR (Scenario 1 in 
Table 7.4). Due to the significantly higher ammonium concentration (1000 g N m-3) in the influent, 
compared to dissolved methane (100 g COD m-3) and sulfide (30 g S m-3), AOB and Anammox 
bacteria are dominant in the biofilm of the side-stream MBfR under all 𝐿𝐼𝑁 conditions studied. 
When 𝐿𝐼𝑁 is lower than 0.001 m d
-1, MOB outcompete DAMO bacteria for the influent methane 
supply and therefore coexist with AOB and Anammox bacteria in the biofilm. With the increase in 
𝐿𝐼𝑁, the active biomass fraction of Anammox bacteria increases, while that of AOB decreases, 
leading to the increasing TN removal efficiency. DAMO bacteria replace MOB at 𝐿𝐼𝑁 of 0.001 m d
-
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1 as the result of the increased methane supply, giving rise to the maximum TN removal efficiency 
of 96.8%. Further increasing 𝐿𝐼𝑁 provides excessive ammonium and favors the competition of 
Anammox bacteria against DAMO bacteria for the availability of intermediate nitrite. 
Consequently, DAMO bacteria suddenly disappear while MOB recolonize the biofilm with AOB 
and Anammox bacteria. The TN removal efficiency therefore decreases continuously with 𝐿𝐼𝑁, 
reaching 48.5% at 𝐿𝐼𝑁 of 0.002 m d
-1. SOB only exist in the biofilm at 𝐿𝐼𝑁 of over 0.0008 m d
-1 
with the active biomass fraction fluctuating between 1% and 3%. Accordingly, the sulfide removal 
efficiency quickly increases from zero at 𝐿𝐼𝑁 of 0.0008 m d
-1 and remains above 99.0% at 𝐿𝐼𝑁 of 
more than 0.001 m d-1. Owing to the succession of MOB and DAMO bacteria in the biofilm (Figure 
7.4.B), the dissolved methane removal efficiency is not significantly affected and stays above 
97.0% across the range of 𝐿𝐼𝑁 studied. 
 
7.3.5 Impact of oxygen surface loading on the MBfR 
The dependence of the system performance and microbial community structure of the main-stream 
MBfR on 𝐿𝑂2 (Scenario 2 in Table 7.4) is demonstrated in Figure 7.5.A. AOB and DAMO bacteria 
dominate the biofilm of the main-stream MBfR with a small fraction of SOB at 𝐿𝑂2 of lower than 
0.36 g m-2 d-1. With 𝐿𝑂2 increasing from 0.28 to 0.36 g m
-2 d-1, the abundance of SOB increases 
from less than 1% to 7% while that of DAMO bacteria decreases from 91% to 83%. The 
corresponding TN and sulfide removal efficiencies gradually increase from 55.7% and 1.4% to 
71.4% and 27.3%, respectively. A higher 𝐿𝑂2 of 0.40 g m
-2 d-1 depresses the competition of DAMO 
bacteria against MOB over the influent methane supply and hence SOB over intermediate nitrite. 
As the result, DAMO bacteria are washed out from the biofilm while MOB and SOB act as the sole 
consumers of influent methane and intermediate nitrite, respectively. The corresponding TN 
removal efficiency drops to 55.3% while the sulfide removal efficiency quickly rises to 90.3% at 
𝐿𝑂2 of 0.40 g m
-2 d-1. As 𝐿𝑂2 further increases to 0.56 g m
-2 d-1, the availability of intermediate 
nitrite favors the growth of DAMO bacteria again, resulting in the increasing abundance of DAMO 
bacteria but decreasing abundance of MOB and SOB in the biofilm. Thus, the TN removal 
efficiency increases to the maximum of 97.5% at 𝐿𝑂2 of 0.56 g m
-2 d-1. In contrast, the sulfide 
removal efficiency quickly jumps to 99.0% at 𝐿𝑂2 of 0.44 g m
-2 d-1 and remains almost unchanged 
thereafter. Further increasing 𝐿𝑂2 stimulates the growth of NOB and hence DAMO archaea, leading 
to the consistent decline in the TN removal efficiency. Comparatively, no significant change is 
observed in the sulfide removal efficiency. Dissolved methane in the influent of the main-stream 
MBfR is alternately removed by DAMO bacteria and/or MOB under different 𝐿𝑂2 conditions, 
resulting in the stable TN removal efficiency of above 99.0% across the range of 𝐿𝑂2 studied 
(Figure 7.5.A). 
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Figure 7.5. Modeling results of the effects of oxygen surface loading (𝐿𝑂2) on the main-stream (A) 
and side-stream (B) MBfRs based on Scenario 2 in Table 7.4. 
 
Figure 7.5.B shows the impact of 𝐿𝑂2 on the system performance and microbial structure of the 
side-stream MBfR (Scenario 2 in Table 7.4). With the increasing 𝐿𝑂2, the TN removal efficiency 
first increases from 44.4% to the maximum of 97.1% at 𝐿𝑂2 of 3.29 g m
-2 d-1, and gradually 
decreases thereafter, reaching 72.4% at 𝐿𝑂2 of 5.84 g m
-2 d-1. In contrast, the sulfide removal 
efficiency remains above 99.0% until 𝐿𝑂2 reaches 3.65 g m
-2 d-1 and then quickly drops to around 
zero at 𝐿𝑂2 of over 5.11 g m
-2 d-1. No significant change is observed in the dissolved methane 
removal efficiency, which stays around 99.0% across the whole range of 𝐿𝑂2 studied. As 
demonstrated in Figure 7.5.B, the microbial community structure in the biofilm which is 
responsible for the shift in the performance of the side-stream MBfR changes with different 𝐿𝑂2 
conditions applied. AOB, Anammox bacteria, and DAMO bacteria jointly dominate the biofilm 
with a small fraction of SOB when 𝐿𝑂2 is below 4.02 g m
-2 d-1. Specially, the active biomass 
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fractions of AOB and Anammox bacteria slightly increase with 𝐿𝑂2, while that of DAMO bacteria 
decreases due to their intense competition against Anammox bacteria for intermediate nitrite. At 
𝐿𝑂2 of 3.29 g m
-2 d-1 with the maximum TN removal efficiency of 97.1%, AOB, Anammox 
bacteria, DAMO bacteria, and SOB coexist in the biofilm of the side-stream MBfR, accounting for 
12%, 83%, 4%, and 1% of the active biomass. Further increasing in 𝐿𝑂2 stimulates the growth of 
AOB, however, the growth of Anammox bacteria is limited due to finite NO2
-/NH4
+ mixture 
produced at the fixed influent surface loading of 0.001 m d-1. Therefore, the active biomass fraction 
of AOB increases while that of Anammox decreases. DAMO bacteria disappear from the biofilm at 
𝐿𝑂2 of more than 4.38 g m
-2 d-1, due to their loss in the competition against MOB for the influent 
methane supply. Moreover, the growth of SOB is inhibited at  𝐿𝑂2 of over 5.11 g m
-2 d-1, as the 
result of high NO2
- accumulation under these 𝐿𝑂2 conditions. 
 
7.3.6 Optimized operational conditions for the MBfR 
Additional simulations (data not shown) based on the operational conditions of Scenario 0 
demonstrate that a biofilm thickness of ≥ 150 μm and ≥ 450 μm is sufficient to achieve high-level 
simultaneous removal of ammonium, dissolved methane, and sulfide for the main-stream and side-
stream MBfRs, respectively, while a thinner biofilm thickness would adversely affect the TN and 
sulfide removal. In contrast, the influent (containing ammonium, dissolved methane, and sulfide) 
and oxygen surface loadings jointly regulate the microbial community structure of the biofilm and 
thus significantly affect the overall performance of both main-stream and side-stream MBfRs as 
indicated in Figures 7.4 and 7.5. Therefore, Scenario 3 in Table 7.4 was designed to investigate the 
combined optimal operational conditions of main-stream and side-stream MBfRs in terms of 𝐿𝐼𝑁 
and 𝐿𝑂2 at a sufficient biofilm thickness with the former inversely proportional to and practically 
interpreted as HRT hereon. 
 
Figures 7.6.A-7.6.C illustrate the TN, dissolved methane, and sulfide removal efficiencies, 
respectively, of the steady-state main-stream MBfR under the extensive simulation conditions 
(different combinations of HRT and 𝐿𝑂2) of Scenario 3 in Table 7.4. For the main-stream MBfR, 
the simulated influent ammonium (50 g N m-3), dissolved methane (50 g COD m-3), and sulfide (30 
g S m-3) are comparable quantitatively. Therefore, a short HRT intensifies the microbial interactions 
within the biofilm, e.g., the competition between AOB and Anammox bacteria for ammonium, the 
competition between MOB and DAMO microorganisms for methane, the competition between 
AOB, NOB, and MOB for oxygen, and the competition between DAMO bacteria, SOB, NOB, and 
Anammox bacteria for intermediate nitrite. Consequently, the TN and sulfide removal efficiencies 
are highly sensitive to 𝐿𝑂2 when HRT is below 1.4 day, which corresponds to 𝐿𝐼𝑁 of over 0.0029 m 
136 
 
d-1. Therein, a small change in 𝐿𝑂2 would significantly alter the steady-state microbial community 
structure and hence affect the TN and sulfide removal efficiencies, as shown in Figures 7.6.A and 
7.6.C. In contrast, due to the alternating existence of DAMO microorganisms and MOB, no 
significant change is observed in the dissolved methane removal efficiency, which remains above 
95.0% across the simulated ranges of HRT and 𝐿𝑂2 (Figure 7.6.B). 
 
Figure 7.6. Modeling results of the performance of main-stream (A, B, and C) and side-stream (D, 
E, and F) MBfRs under different HRT and oxygen surface loading (𝐿𝑂2) conditions based on 
Scenario 3 in Table 7.4 in terms of TN removal (A and D), dissolved methane removal (B and E), 
and sulfide removal (C and F). The colour scales represent removal efficiency in %. 
 
Despite the drastic variations in the TN and sulfide removal efficiencies at low HRTs, a distinct 
relationship is observed between the optimal HRT and 𝐿𝑂2 for the high-level (>97.0%) 
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simultaneous removal of ammonium, dissolved methane, and sulfide in the main-stream MBfR. As 
indicated in the dark red ridge-shape region in Figures 7.6.A, the optimal 𝐿𝑂2 decreases with the 
increasing HRT. Under these optimal operating conditions, AOB, DAMO bacteria, MOB, and SOB 
coexist in the MBfR biofilm and cooperate to achieve the simultaneous removal of ammonium, 
dissolved methane, and sulfide from the main-stream anaerobic digestion liquor. As evidenced by 
the dissolved methane and sulfide consumption profiles within the main-stream MBfR biofilm 
under one optimal operational condition in Figures 7.7.A and 7.7.B, approximately 50% of 
dissolved methane in the influent is consumed by DAMO bacteria to facilitate the nitrogen removal, 
while the remaining is oxidized by MOB (Figure 7.7.A). In contrast, nearly 100% of sulfide in the 
influent is utilized as electron donor by SOB for denitrification (Figure 7.7.B). 
 
Figure 7.7.  Species-specific dissolved methane and sulfide consumption rates within the biofilms 
of the main-stream MBfR (A and B) and the side-stream MBfR (C and D) under the optimal 
operational conditions. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), 
and biofilm thickness (𝐿𝑓) for main-stream MBfR (A and B) are 0.0027 m d
-1, 0.56 g m-2 d-1, and 
300 μm, respectively. The applied influent surface loading (𝐿𝐼𝑁), oxygen surface loading (𝐿𝑂2), and 
biofilm thickness (𝐿𝑓) for side-stream MBfR (C and D) are 0.001 m d
-1, 3.65 g m-2 d-1, and 750 μm, 
respectively. 
 
Different from the main-stream MBfR, clear trends are observed for the side-stream MBfR 
concerning the joint effect of HRT and 𝐿𝑂2 on the steady-state overall system performance under 
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the extensive simulation conditions of Scenario 3 in Table 7.4. The dark red ridge-shape region in 
Figure 7.6.D represents the ranges of optimal HRT and 𝐿𝑂2 for high-level (>97.0%) simultaneous 
removal of ammonium, dissolved methane, and sulfide in the side-stream MBfR. Specifically, the 
optimal 𝐿𝑂2 increases with the decreasing HRT. AOB and Anammox bacteria dominate the biofilm 
and are the key contributors to the ammonium removal under these optimal conditions. 
Comparatively, the coexisting small fractions of DAMO bacteria and SOB are solely responsible 
for the dissolved methane and sulfide removal (as evidenced by the example case in Figures 7.7.C 
and 7.7.D), respectively, both of which enhance the nitrogen removal. An excessive oxygen supply 
at a certain HRT or a prolonged HRT at a certain 𝐿𝑂2 will significantly depress the growth of SOB, 
resulting in the failure of the sulfide removal efficiency (as demonstrated in the dark blue region in 
Figure 7.6.F). 
  
From the perspective of system operation, HRT and 𝐿𝑂2 should be controlled wisely for both main-
stream and side-stream MBfRs based on the dark red ridge-shape regions in Figures 7.6.A and 
7.6.D, respectively. Applicable to both main-stream and side-stream MBfRs, the optimal HRT is 
inversely proportional to the corresponding 𝐿𝑂2. A long HRT will reduce the handling capacity of 
the MBfR, while a high 𝐿𝑂2 will increase the treatment cost. The specific trade-off warrants further 
study. 
 
In addition to dissolved methane, the utilization of sulfide originally present in the anaerobic 
digestion liquor possesses significant advantages over previous treatment options, which mainly 
focus on nitrogen removal. Sulfide, which is undesirable and harmful to downstream processing if 
left untreated, could act as additional electron donor to promote the nitrogen removal, alleviating its 
dependence on Anammox and DAMO processes. Moreover, compared with the work in Chapter 6 
the approved feasibility and the obtained optimized conditions of the main-stream MBfR represent 
the first step towards in-depth investigations of this technology, which would in turn facilitate 
further implementation of the main-stream anaerobic digestion in pursuit of sustainable operation at 
WWTPs. 
    
It is worth noting that the back diffusion of methane provided into the membrane lumen is not 
considered in this chapter. This is acceptable considering the high-level (>95.0%) dissolved 
methane removal over the studied ranges of operational conditions (Figures 7.6.B and 7.6.E), 
corresponding to a minor potential loss of methane via the membrane lumen. The back diffusion of 
dinitrogen produced is also not included in view of its insignificant role in affecting the system 
performance of the MBfRs. 
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7.3.7 Potential impact of organic carbon on the MBfR 
Similar to Chapter 6, the heterotrophic growth on the organic carbon produced from the biomass 
decay is expected to be negligible and is therefore not included in the model. However, a small 
amount of organic carbon remaining in the anaerobic digestion liquor might induce the 
heterotrophic growth, which might potentially affect the microbial community structure and hence 
the system removal performance of the MBfR. Therefore, an additional simulation scenario was 
conducted to test the growth of HB (Lackner et al. 2008, Mozumder et al. 2014) in the main-stream 
and side-stream MBfRs at an influent organic carbon concentration of 30 g COD m-3 and 100 g 
COD m-3, respectively, on the premise of Scenario 0 in Table 7.4. 
 
Figure 7.8. Modeling results of the MBfR for the simultaneous removal of ammonium, dissolved 
methane, and sulfide from main-stream (A and B) and side-stream (C and D) anaerobic digestion 
liquor in consideration of the potential existence of HB due to an influent organic carbon 
concentration of 30 g COD m-3 and 100 g COD m-3, respectively: (A and C) Microbial population 
distribution; and (B and D) TN, dissolved methane, and sulfide removal efficiencies with/without 
considering HB. The applied conditions are based on Scenario 0 in Table 7.4. 
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As indicated in Figure 7.8.A, HB grow in the inner biofilm layer of the main-stream MBfR, 
occupying around 8% of the total active biomass. Compared to Figure 7.1.A, the decreased 
abundance of AOB at the membrane surface results in 6% decrease in the TN removal efficiency, 
although no significant change has been observed in the dissolved methane and sulfide removal 
efficiencies (Figure 7.8.B). About 67% of the influent organic carbon is concurrently removed. In 
comparison, the influent organic carbon would only lead to a small fraction of heterotrophic growth 
(~1% of the total active biomass) in the biofilm of the side-stream MBfR (mainly at the biofilm 
surface) and a slight increase (~1%) in the TN removal efficiency without significant change in the 
dissolved methane and sulfide removal efficiencies (Figure 7.8.D), similar to Chapter 6. 
Furthermore, around 97% of the influent organic carbon is consumed by heterotrophs. These 
findings prove the validity and effectiveness of the proposed MBfR to achieve simultaneous 
ammonium, dissolved methane, and sulfide removal with possible presence of organic carbon, due 
to its relatively minor impacts on the overall microbial community structure as well as the system 
removal performance under both main-stream and side-stream conditions (Figure 7.8). However, 
effort should be dedicated to minimizing the residual organic carbon in the main-stream anaerobic 
digestion liquor (i.e., maximizing the organic carbon conversion to methane in the main-stream 
anaerobic digester) in prior to its treatment via the proposed MBfR, which not only benefits the 
bioenergy recovery but also enhances the treatment efficiency of the proposed MBfR, especially the 
TN removal. 
 
References 
(ATSDR), A.f.T.S.a.D.R. (2014) Toxicological Profile for Hydrogen Sulfide / Carbonyl Sulfide 
(Draft for Public Comment). U.S. Department of Health and Human Services, P.H.S. (ed), 
Atlanta, GA. 
Banu, J.R., Kaliappan, S. and Yeoni, I.T. (2007) Treatment of domestic wastewater using upflow 
anaerobic sludge blanket reactor. International Journal of Environmental Science and 
Technology 4(3), 363-370. 
Chen, Y., Cheng, J.J. and Creamer, K.S. (2008) Inhibition of anaerobic digestion process: A review. 
Bioresource Technology 99(10), 4044-4064. 
Cussler, E.L. (2003) Encyclopedia of Physical Science and Technology (Third Edition). Meyers, 
R.A. (ed), pp. 171-180, Academic Press, New York. 
Daelman, M.R.J., Van Eynde, T., van Loosdrecht, M.C.M. and Volcke, E.I.P. (2014) Effect of 
process design and operating parameters on aerobic methane oxidation in municipal WWTPs. 
Water Research 66(0), 308-319. 
141 
 
Ettwig, K.F., Butler, M.K., Le Paslier, D., Pelletier, E., Mangenot, S., Kuypers, M.M.M., Schreiber, 
F., Dutilh, B.E., Zedelius, J., de Beer, D., Gloerich, J., Wessels, H.J.C.T., van Alen, T., 
Luesken, F., Wu, M.L., van de Pas-Schoonen, K.T., Op den Camp, H.J.M., Janssen-Megens, 
E.M., Francoijs, K.-J., Stunnenberg, H., Weissenbach, J., Jetten, M.S.M. and Strous, M. (2010) 
Nitrite-driven anaerobic methane oxidation by oxygenic bacteria. Nature 464(7288), 543-548. 
Gimenez, J.B., Robles, A., Carretero, L., Duran, F., Ruano, M.V., Gatti, M.N., Ribes, J., Ferrer, J. 
and Seco, A. (2011) Experimental study of the anaerobic urban wastewater treatment in a 
submerged hollow-fibre membrane bioreactor at pilot scale. Bioresource Technology 102(19), 
8799-8806. 
Hao, X., Heijnen, J.J. and van Loosdrecht, M.C.M. (2002) Sensitivity analysis of a biofilm model 
describing a one-stage completely autotrophic nitrogen removal (CANON) process. 
Biotechnology and Bioengineering 77(3), 266-277. 
Haroon, M.F., Hu, S., Shi, Y., Imelfort, M., Keller, J., Hugenholtz, P., Yuan, Z. and Tyson, G.W. 
(2013) Anaerobic oxidation of methane coupled to nitrate reduction in a novel archaeal lineage. 
Nature 500(7464), 567-570. 
He, Z., Cai, C., Geng, S., Lou, L., Xu, X., Zheng, P. and Hu, B. (2013) Modeling a nitrite-
dependent anaerobic methane oxidation process: Parameters identification and model 
evaluation. Bioresource Technology 147(0), 315-320. 
Henze, M., Gujer, W., Mino, T., van Loosdrecht, M.C.M., Henze, M., Gujer, W., Mino, T. and van 
Loosdrecht, M.C.M. (2000) Activated sludge models ASM1, ASM2, ASM2d and ASM3, IWA 
Publishing. 
Jin, R.C., Yang, G.F., Yu, J.J. and Zheng, P. (2012) The inhibition of the Anammox process: A 
review. Chemical Engineering Journal 197, 67-79. 
Jin, R.C., Yang, G.F., Zhang, Q.Q., Ma, C., Yu, J.J. and Xing, B.S. (2013) The effect of sulfide 
inhibition on the ANAMMOX process. Water Research 47(3), 1459-1469. 
Kobayashi, H.A., Stenstrom, M.K. and Mah, R.A. (1983) Treatment of Low Strength Domestic 
Wastewater Using the Anaerobic Filter. Water Research 17(8), 903-909. 
Koch, G., Egli, K., Van der Meer, J.R. and Siegrist, H. (2000) Mathematical modeling of 
autotrophic denitrification in a nitrifying biofilm of a rotating biological contactor. Water 
Science and Technology 41(4-5), 191-198. 
Kuenen, J.G., Robertson, L.A. and Vangemerden, H. (1985) Microbial Interactions among Aerobic 
and Anaerobic Sulfur-Oxidizing Bacteria. Advances in Microbial Ecology 8, 1-59. 
Lackner, S., Terada, A. and Smets, B.F. (2008) Heterotrophic activity compromises autotrophic 
nitrogen removal in membrane-aerated biofilms: Results of a modeling study. Water Research 
42(4-5), 1102-1112. 
142 
 
Lopes, F., Viollier, E., Thiam, A., Michard, G., Abril, G., Groleau, A., Prévot, F., Carrias, J.F., 
Albéric, P. and Jézéquel, D. (2011) Biogeochemical modelling of anaerobic vs. aerobic methane 
oxidation in a meromictic crater lake (Lake Pavin, France). Applied Geochemistry 26(12), 
1919-1932. 
Lotti, T., van der Star, W.R.L., Kleerebezem, R., Lubello, C. and van Loosdrecht, M.C.M. (2012) 
The effect of nitrite inhibition on the anammox process. Water Research 46(8), 2559-2569. 
McCarty, P.L., Bae, J. and Kim, J. (2011) Domestic Wastewater Treatment as a Net Energy 
Producer–Can This be Achieved? Environmental Science & Technology 45(17), 7100-7106. 
Mozumder, M.S.I., Picioreanu, C., van Loosdrecht, M.C.M. and Volcke, E.I.P. (2014) Effect of 
heterotrophic growth on autotrophic nitrogen removal in a granular sludge reactor. 
Environmental Technology 35(8), 1027-1037. 
Pikaar, I., Sharma, K.R., Hu, S., Gernjak, W., Keller, J. and Yuan, Z. (2014) Reducing sewer 
corrosion through integrated urban water management. Science 345(6198), 812-814. 
Raghoebarsing, A.A., Pol, A., van de Pas-Schoonen, K.T., Smolders, A.J.P., Ettwig, K.F., Rijpstra, 
W.I.C., Schouten, S., Damste, J.S.S., Op den Camp, H.J.M., Jetten, M.S.M. and Strous, M. 
(2006) A microbial consortium couples anaerobic methane oxidation to denitrification. Nature 
440(7086), 918-921. 
Rikmann, E., Zekker, I., Tomingas, M., Vabamae, P., Kroon, K., Saluste, A., Tenno, T., Menert, A., 
Loorits, L., Rubin, S.S.C.D. and Tenno, T. (2014) Comparison of sulfate-reducing and 
conventional Anammox upflow anaerobic sludge blanket reactors. Journal of Bioscience and 
Bioengineering 118(4), 426-433. 
Speece, R.E. (2008) Anaerobic Biotechnology and Odor/Corrosion Control for Municipalities and 
Industries, Archaeology Press, Nashville, Tennessee. 
Stewart, P.S. (2003) Diffusion in Biofilms. Journal of Bacteriology 185(5), 1485-1491. 
Strous, M., Heijnen, J.J., Kuenen, J.G. and Jetten, M.S.M. (1998) The sequencing batch reactor as a 
powerful tool for the study of slowly growing anaerobic ammonium-oxidizing microorganisms. 
Applied Microbiology and Biotechnology 50(5), 589-596. 
Tawfik, A., Klapwijk, B., el-Gohary, F. and Lettinga, G. (2002) Treatment of anaerobically pre-
treated domestic sewage by a rotating biological contactor. Water Research 36(1), 147-155. 
Vela, J.D., Stadler, L.B., Martin, K.J., Raskin, L., Bott, C.B. and Love, N.G. (2015) Prospects for 
Biological Nitrogen Removal from Anaerobic Effluents during Mainstream Wastewater 
Treatment. Environmental Science & Technology Letters 2(9), 234-244. 
Wang, A.J., Liu, C.S., Ren, N.Q., Han, H.J. and Lee, D. (2010) Simultaneous removal of sulfide, 
nitrate and acetate: Kinetic modeling. Journal of Hazardous Materials 178(1-3), 35-41. 
143 
 
Wang, Q., Jiang, G., Ye, L., Pijuan, M. and Yuan, Z. (2014) Heterotrophic denitrification plays an 
important role in N2O production from nitritation reactors treating anaerobic sludge digestion 
liquor. Water Research 62(0), 202-210. 
Wiesmann, U. (1994) Biotechnics/Wastewater, pp. 113-154, Springer Berlin Heidelberg. 
Winkler, M.K.H., Ettwig, K.F., Vannecke, T.P.W., Stultiens, K., Bogdan, A., Kartal, B. and 
Volcke, E.I.P. (2015) Modelling simultaneous anaerobic methane and ammonium removal in a 
granular sludge reactor. Water Research 73(0), 323-331. 
Xu, X.J., Chen, C., Lee, D.J., Wang, A.J., Guo, W.Q., Zhou, X., Guo, H.L., Yuan, Y., Ren, N.Q. 
and Chang, J.S. (2013) Sulfate-reduction, sulfide-oxidation and elemental sulfur bioreduction 
process: Modeling and experimental validation. Bioresource Technology 147, 202-211. 
Xu, X.J., Chen, C.A., Wang, A.J., Guo, W.Q., Zhou, X., Lee, D.J., Ren, N.Q. and Chang, J.S. 
(2014) Simultaneous removal of sulfide, nitrate and acetate under denitrifying sulfide removal 
condition: Modeling and experimental validation. Journal of Hazardous Materials 264, 16-24. 
144 
 
Chapter 8 – Conclusions and Future Work 
8.1 Main conclusions of the thesis 
8.1.1 Conclusions on developing a mathematical model describing Anammox and DAMO 
processes in an MBfR 
A mathematical model was developed to describe the simultaneous anaerobic methane and 
ammonium oxidation by DAMO and Anammox microorganisms in an MBfR for the first time. In 
this model, DAMO archaea convert nitrate, both externally fed and/or produced by Anammox, to 
nitrite, with methane as the electron donor. Anammox and DAMO bacteria jointly remove the 
nitrite fed/produced, with ammonium and methane as the electron donor, respectively. Six key 
stoichiometric and kinetic parameters of DAMO microorganisms were calibrated using the long-
term (over 400 days) dynamic experimental data from a lab-scale MBfR, and the uncertainty 
analysis confirmed the identifiability of these parameters. The model was then successfully 
validated using two independent batch tests at different operational stages of the MBfR. The 
developed model satisfactorily described the methane oxidation and nitrogen conversion data from 
the MBfR system, and the retrieved parameters appear realistic. 
 
8.1.2 Conclusions on investigating complete nitrogen removal by coupling partial nitritation-
Anammox-DAMO 
The mechanisms and operational window for achieving complete/high-level nitrogen removal by 
coupling PN-Anammox-DAMO in the MBfR-based systems were investigated explicitly using 
mathematical modeling. The validity of the extended model structure and parameters related to 
nitrite inhibition was firstly verified by the batch experimental data from an MBfR containing an 
Anammox-DAMO biofilm with different feeding nitrogen compositions. Though running 
simulation scenarios on the verified model, the optimum NO2
-/NH4
+ ratio produced from the 
preceding partial nitritation for the Anammox-DAMO biofilm system (i.e., MBfR) was found to be 
1.0 in order to achieve the maximum TN removal of over 99.0%, irrespective of the applied TN 
surface loading, while the corresponding optimal methane supply increased with the increase of TN 
surface loading, accompanied by the decreasing methane utilization efficiency. The feasibility of 
one single-stage MBfR coupling PN-Anammox-DAMO for complete nitrogen removal was tested 
through controlling the bulk liquid DO concentration in the system. The maximum TN removal was 
found to be achieved at the bulk DO concentration of around 0.17 g m-3 under the simulation 
conditions (depending on process parameters), with the AOB, Anammox bacteria, and DAMO 
microorganisms coexisting in the biofilm. 
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8.1.3 Conclusions on evaluating the feasibility of simultaneous ammonium and dissolved 
methane removal from anaerobic digestion liquor in an MBfR 
A new approach is proposed for simultaneous ammonium and dissolved methane removal from the 
anaerobic digestion liquor through integrating PN-Anammox-DAMO in a single-stage MBfR. The 
previously developed model with appropriate extensions was applied to assess the system 
performance as well as the corresponding microbial interactions under different operational 
conditions. The simulation results demonstrate that both influent surface loading (or HRT) and 
oxygen surface loading significantly influence the TN and dissolved methane removal, which 
jointly determine the overall system performance. The maximum simultaneous removal efficiencies 
of TN and dissolved methane can reach up to 96% and 98% by adjusting the HRT (or influent 
surface loading) and oxygen surface loading whilst maintaining a sufficient and suitable biofilm 
thickness (e.g., 750 μm). The counter-diffusion supply via the biofilm and the concentration 
gradients of substrates cause microbial stratification in the biofilm, where AOB attach close to the 
membrane surface (biofilm base) where oxygen and ammonium are available, while Anammox and 
DAMO microorganisms jointly grow in the biofilm layer close to the bulk liquid where methane, 
ammonium, and nitrite are available with the latter produced by AOB. 
 
8.1.4 Conclusions on assessing simultaneous ammonium, dissolved methane, and sulfide 
removal in an MBfR 
The single-stage MBfRs are proposed to integrate desired microbial consortia to treat main-stream 
and side-stream anaerobic digestion liquors containing ammonium, dissolved methane, and sulfide 
simultaneously. A comprehensive model considering sulfide bioconversion was developed and 
applied to assess the system performance and the associated microbial community structure of the 
MBfRs under different operational conditions. The simulation results demonstrate that the high-
level (>97.0%) simultaneous removal of ammonium, dissolved methane, and sulfide can achieved 
by adjusting the HRT (or influent surface loading) and the oxygen surface loading. The dissolved 
methane and sulfide remaining in the anaerobic digestion liquors can be utilized as electron donors 
by DAMO bacteria and SOB, respectively, to further enhance the overall nitrogen removal. AOB, 
DAMO bacteria, MOB, and SOB dominate the biofilm of the main-stream MBfR, while AOB, 
Anammox bacteria, DAMO bacteria, and SOB coexist in the side-stream MBfR and cooperate to 
remove ammonium, dissolved methane, and sulfide simultaneously. For both main-stream and side-
stream MBfRs, the optimal HRT was found to be inversely proportional to the corresponding 
oxygen surface loading. 
 
8.2 Recommendations for future research 
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In addition to the research objectives investigated in this thesis, some research challenges have been 
identified that entail further research and are summarized as follows. 
 This thesis didn’t manage to calibrate the methane affinity constants for DAMO archaea and 
bacteria. Upon the advent of more detailed and reliable experimental data, emphasis should be 
placed on the specific quantification of these two key parameters.  
 AOB play a significant role in the proposed PN-Anammox-DAMO process through providing a 
suitable feed (i.e., a mixture of NH4
+ and its oxidized product NO2
-) for Anammox and DAMO 
microorganisms. However, AOB are also the major contributor to N2O production during 
nitrification in WWTPs, and nitrite and DO are two key factors affecting the N2O production by 
AOB. Previous work has confirmed the N2O production from MBfRs performing PN-
Anammox. Therefore, continued research is encouraged to shed light on the N2O production 
form MBfR systems taking on the integrated PN-Anammox-DAMO process. 
 Although the one-stage and two-stage MBfR systems performing PN-Anammox-DAMO 
process have been proposed, there is still no such experimental setup prior to this thesis. The 
obtained information in terms of the effects of operational conditions therefore warrants future 
research touching on experimental validation. 
 As indicated in Chapter 7, the inhibition of sulfide existing in some anaerobic digestion liquor 
on Anammox and DAMO microorganisms hasn’t been included in the model. Specific 
experiments should be designed to look into the inhibiting effect of sulfide, the result of which 
could then be converted into relevant kinetic parameters and incorporated to render a more 
comprehensive model.  
 The feasibility of the proposed MBfR systems in this thesis was evaluated simply based on the 
system performance. A multi-criteria index should be developed to comprehensively assess the 
different MBfR systems proposed. 
 Multi-dimensional models could be applied to obtain more detailed insights about biofilm 
geometry and ecology of the proposed MBfR systems. 
 
 
 
 
 
 
 
 
 
